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ABSTRACT
A m athem atical m odel is form ulated for m ulticom ponent transport of reactive  
species under an electric field. A set on differential and algebraic equations is de­
veloped  for transport of fluid, charge, and species in a saturated soil under coupled  
hydraulic, electric, and chem ical potential gradients. An iterative schem e is chosen  
in solution  o f a system  of differential and algebraic equations. Six differential equa­
tions and four algebraic equations are used to m odel transport o f Pb^'^, 0 H ~ ,
N 0 3 ~ ,  th e  associated chem ical reactions, electric potential and the hydraulic head  
across the electrodes. F in ite  Elem ent M ethod is used in space discretization. F in ite  
difference technique is used in tim e discretization.
Three un enhanced p ilo t-sca le  tests, using about one ton soil specim ens, are 
conducted  to investigate the effect of up-sca ling  bench-scale tests, to evaluate the  
feasib ility  and cost efficiency of electrokinetic soil remediation at dim ensions repre­
sen tative  o f field conditions, and to assess the hypothesized principles of m ulticom ­
ponent species transport under an electric field. Two of these tests are conducted on 
kaolinite specim ens spiked with lead nitrate solution at lead concentrations of 856 
f i g / g  and 1,533 g g / g .  T he third test is conducted on kaolin ite/sand m ixture loaded  
w ith  lead at a concentration of 5,322 g g / g .  A direct current density o f 133 g A l c n i ^  
is m aintained across the soil in all p ilo t-sca le  tests.
P ilo t-sca le  tests dem onstrate significant lead removal from soil, up to  98% except 
th e  soil zone in direct contact with the cathode. Energy expenditure in these tests  
is w ith in  th e  range of 300 to TOO k W h / i r P .  T h e results dem onstrate the feasibility  
of using electrokinetics for full-scale in -situ  rem ediation of heavy m etals from soil. 
M odel predictions show very good agreem ent w ith  the p ilot-sca le  test results. This
xviii
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agreem ent dem onstrates the valid ity  of the form alism s offered for m ulticom ponent 
transport o f reactive species under an electric field and reinforces th e  valid ity of the 
hypothesized  principles o f electrokinetic rem ediation.
X I X
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Chapter 1 
INTRO DUCTIO N
The impact of soil contamination on groundwater resources is becoming increas­
ingly significant as the disclosed number of unengineered waste containment facilities 
and contaminated sites grow and remediation costs increase. The growing size of the 
problem has given way to a comprehensive national program that endeavors to en­
courage waste reduction, advance treatment, and disposal of hazardous wastes. As a 
result, a Resource Conservation and Recovery Act (RCRA) has been enacted in 1976 
and amended several times since its enactment, most importantly by the Hazardous 
and Solid Waste Amendments of 1984 (HSWA). Over 500,000 companies and/or in­
dividuals in the United States who generate over 172 million metric tons of hazardous 
waste each year must comply with the RCRA regulatory program (Arbuckle et al. 
1989). In 1980, Congress established the Comprehensive Environmental, Response, 
Compensation, and Liability Act (CERCLA), usually referred to as the Superfund, 
which is subsequently reauthorized by Superfund Amendments Reauthorization Act 
(SARA) of 1986. Both CERCLA and RCRA seek to provide a veil coverage of 
the hazardous waste problem. While RCRA is designed as a regulatory program 
for present and new hazardous waste sites, CERCLA establishes a comprehensive 
response program for the past hazardous waste activities. According to CERCLA,
...Whenever there is a release or substantial threat of release into the 
environment of any hazardous substance or pollutant or contaminant 
under circumstances where the pollutant or contaminant may present
1
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an imminent and substantial danger, EPA is authorized to undertake 
removal and/or remedial action.
Removal and remedy differ in that removal is a short-time limited response to a more 
manageable problem while remedy is a longer-term, more permanent and expensive 
solution for a complex problem.
From among the over 40,000 sites reported to United States Environmental 
Protection Agency (USEPA or EPA) which might need remedial action, about 2,000 
sites are listed as Superfund sites. While the estimated remediation cost for the 
Superfund sites is 50 billion dollars, the total estimated cost for all the contaminated 
sites may run up to 350 billion dollars. Figure 1.1 presents an estimate of the 
number of contaminated sites and the associated cleanup cost reported by different 
state agencies in the United States.
In 1980, CERCLA has required EPA to develop and to provide criteria for 
determining priorities among sites that require remedial action and to develop and 
maintain a National Priority List (NPL). Under EPA regulations, these sites are 
eligible for remedial action. Although 149 sites have been cleaned and removed from 
the NPL since Superfund’s inception, the list continues to grow. Recently, EPA 
added 33 new sites bringing the NPL total to 1250 sites (Austin, 1993).
A variety of options may exist to select a cleanup remedy at a site, however the 
efficiency and costs of these options may vary widely. Accordingly, the decision of 
“how clean is clean?” and “how expensive is expensive?” is taken independently 
for each site by the EPA. Although conventional ground burial and land disposal 
are often economical, they do not provide the best solutions, and in some cases 
they are not necessarily the most effective solution. There exists an everlasting 
need to introduce new, innovative, and preferably in-situ remediation technologies. 
Several such schemes are introduced in the last decade including incineration, solidifi­
cation/stabilization, bioremediation, dechlorination, flushing, vitrification, washing.
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Figure 1.1: Estimated Number of Contaminated Sites and Clean-up Costs in the US 
(Adapted from Morse 1989)
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thermal desorption, vacuum extraction, and chemical treatment (EPA 1991). Each 
technology exhibits certain advantages and limitations in remediating a myriad of 
organic/inorganic contaminants encountered in different types of soil deposits. As 
an example, there is a growing use of vacuum extraction technique for removing 
organic contaminants. This technology favors partially saturated deposits having 
relatively high hydraulic conductivities (silt and sand). The technique is ineffective 
in removing inorganic contaminants. There is not one specific technology that can 
be considered as a panacea to all types of contaminants and soil deposits (Acar et 
al. 1992a).
A major limitation of the most successful remediation technologies, such as 
vacuum extraction and soil flushing, is that they are restricted to soils with high 
hydraulic conductivity and hence, cannot be used for fine-grained deposits. Fur­
thermore, they are not specifically effective in removing contaminants adsorbed on 
the soil particles ( such as pump-and-treat). Such adsorption may pose threat for 
ground water and plant contamination.
The challenging demand to develop new, innovative and cost eff^ective in-situ  
remediation technologies in waste management stimulated the vision to employ con­
duction phenomena under electrical currents as a soil remediation technology (Acar 
and Alshawabkeh 1993; Acar et al. 1993a). This technology uses low level DC electri­
cal potential differences (in the order of few volts per cm) or electrical currents (in the 
order of mill iamps/ cm? of soil cross sectional area) across a soil mass applied through 
inert electrodes placed in an open flow arrangement. The application of low-level 
DC across electrodes placed in holes filled with fluid in a soil mass causes physico­
chemical and hydrological changes in the soil-water-electrolyte medium leading to 
contaminant transport and removal. The applied electric current (or electric poten­
tial difference) leads to electrolysis reactions at the electrodes generating an acidic 
medium at the anode and an alkaline medium at the cathode. The acid generated
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at the anode advances through the soil towards the cathode by different transport 
mechanisms including ion migration due to electrical gradients, pore fluid advection 
due to prevailing electroosmotic flow, pore fluid flow due to any externally applied 
or internally generated hydraulic potential difference, and diffusion due to generated 
chemical gradients. The alkaline medium developed at the cathode will first advance 
towards the anode by ionic migration and diffusion; however, the mass transport 
of will neutralize this base front, preventing its transport towards the anode. 
Acidification of the soil causes desorption of the contaminants. Species present in 
the soil pore fluid, or desorped from the soil surface, are transported towards the 
electrodes depending on their electric charge. The driving mechanisms for species 
transport are the same as the acid-base transport mechanisms. As a result, cations 
are accumulated at the cathode and anions at the anode while there is a continuous 
transfer of hydrogen and hydroxyl ions into the medium. Various bench-scale studies 
have shown that heavy metals and other cationic species can be removed from the 
soil either with the effluent or deposited at or close to the cathode (Hamed 1990; 
Hamed et al. 1991; Eykholt 1992; W ittle and Pamukcu 1993; Acar et al. 1993).
The demonstrated feasibility of electrokinetic soil remediation through bench- 
scale studies necessitates a pilot-scale study investigating the effect of up-scaling 
bench-scale experiments on the efflciency and performance of the process. Further­
more, a comprehensive theoretical model which accounts for the transport mecha­
nisms and the physicochemical changes associated with the process is required. The 
predictions of the theoretical model should be compared with the results obtained 
in pilot-scale experimental model. The developed theoretical model is expected to 
provide the basis for a comprehensive design/analysis tool for the different bound­
ary conditions, site-specific contamination and variable soil profiling encountered in 
full scale implementation of the process. Such a theoretical model will also allow 
assessment of the principles of multispecies transport under electric fields.
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1.1 O bjectives
The objectives of this study are identified as:
1. to investigate the feasibility and efficiency of field-scale electrokinetic soil reme­
diation by conducting pilot-scale laboratory tests with Pb(II) loaded kaolinite 
and kaolinite/sand mixture. The size of the samples is chosen to simulate 
one-dimensional conditions and to represent an intermediate scale between 
bench-scale and full-scale in-situ remediation,
2. to monitor and investigate the changes expected in electrical, chemical and hy­
draulic potentials, and geophysicochemical properties of the soil-water-electrolyte 
medium during processing,
3. to provide a theoretical model, numerical solution algorithm and a computer 
code for coupled transient transport of fluid, charge, and chemically reactive 
species under hydraulic, electric, and chemical gradients,
4. to evaluate the necessary soil properties and model parameters required by the 
theoretical model in predicting the pilot-scale experimental model results, and
5. to evaluate the theoretical model developed for electrokinetic soil processing 
through comparisons of the chemical, electrical, and hydraulic potentials ob­
tained from theoretical model with measurements made in the experimental 
model.
1.2 Scope
The study is aimed to investigate, theoretically and experimentally, the complex­
ity of changes in chemical, electrical, and hydraulic potentials, and physicochemical 
properties of soil-water-electrolyte medium associated with removing contaminants
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by application of a DC current. Two bench-scale tests on Ph' '^  ^ spiked kaolinite, two 
pilot-scale laboratory tests on loaded kaolinite, and one pilot-scale test on Pb^ '  ^
spiked kaolinite/sand mixture are conducted. The size of these samples is chosen to 
simulate one-dimensional conditions and to represent an intermediate scale between 
bench-scale and full-scale in-situ remediation. One-dimensional conditions are se­
lected since two-dimensional conditions will result in spatial variability in electrical 
gradients both due to the changing chemistry and also due to the electrode geometry 
unduly complicating evaluation of the results. The effect of spatial variability in the 
electrical gradients due to the electrode configuration and geometry is not included 
as a variable in this study.
Tests are conducted for only removal of lead species from the specified soil 
samples. Lead is chosen for this study for the following reasons,
• it is the most identified species in hazardous waste sites listed in the NPL 
(Figure 1.2),
• bench-scale studies demonstrate that it can be removed successfully at a rela­
tively high concentrations (1,500 ytglg from kaolinite, Hamed et al. 1991; and 
9,000 gg jg  from fine argillaceous sand, Lageman 1989, 1993),
• it is highly retarded by clayey soils and it is hypothesized that lead removal by 
the process may implicate the feasibility of removing other less retarded ionic 
species. However, the validity of this hypothesis depends upon the chemistry 
of the species in the concern and surface chemistry of the soils,
• health and safety hazards of lead poisoning, which occurs by digestion or in­
haling, is easy to avoid in laboratory studies compared with radionuclides or 
volatile contaminants, and
• current research work on electrokinetic soil remediation involves conducting
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Figure 1.2; Most Frequently Identified Species in Soils in the 1217 Sites Listed on 
the National Priority List in 1989 (Adopted From EPA 1991)
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field-scale remediation of a lead contaminated site at Ethyl Corporation, Baton 
Rouge. This makes the study a perfect link between bench-scale tests and the 
first field application of electrokinetic soil remediation in the United States.
Modeling lead removal by electrokinetics is chosen for this study in an attempt 
to evaluate the current understanding of the technology and to check the validity of 
the theoretical model presented. Though various cations and anions might be present 
in the soil pore fluid at different concentrations, only four ions are included in this 
model. These are cis the contaminant of concern, N O 3 since lead nitrate salt 
is used in the experiment, and and 0 H~ because they are included in electrode 
reactions and they have a great influence on the pore fluid chemistry across the 
specimen. Dramatic changes in the concentration of these ions will result in different 
chemical reactions. Chemical reactions included in this model are the reactions 
describing precipitation/ dissolution of lead hydroxide (P 6(O iî)2), the water auto 
ionization reaction, and sorption reactions. Two approaches have been developed 
and used in the literature to describe chemical reactions; instantaneous equilibrium 
approach and kinetics approach.
For several species, chemical reactions, specially precipitation/dissolution and 
sorption reactions, have been found to vary with time before reaching equilibrium. It 
may be more appropriate to use kinetics approach to model these reactions; however, 
this will unduly complicate the modeling effort and it will require an independent 
investigation of each reaction kinetics. Furthermore, chemical reactions involved in 
this study are expected to reach equilibrium at a very short time. Sorption reactions 
in low activity soils and precipitation reactions of heavy metals in solutions often take 
minutes to reach chemical equilibrium. On the other hand, processes related to the 
transport of these chemical species in fine-grained deposits under electric, hydraulic 
and chemical gradients are slow compared to the rate of sorption or precipitation 
reactions. Consequently, the ratio of the rate of chemical reactions to the rate of
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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transport of heavy metals in low activity fine-grained deposits is expected to be 
high enough to meet the assumption of instantaneous equilibrium for these chemical 
reactions.
1.3 Organization o f the M anuscript
The manuscript contains 9 chapters that covers the work conducted. A brief 
summary of the contents of these chapters is presented in this section.
Chapter 2 describes various electrokinetic phenomena in soils and principles 
of electrokinetic soil remediation. The effects of application of an electric current 
through a saturated soil medium on the physicochemical properties of the medium 
are discussed. Electrolysis reactions at the electrodes, changes in the soil pH and 
their effect on sorption and precipitation/ dissolution reactions, and transport mech­
anisms are addressed. Potential uses of electrokinetic phenomena in different aspects 
of environmental geotechnics are presented. This chapter also summarizes available 
literature on electrokinetic soil remediation which is divided into two parts; experi­
mental and theoretical. The experimental part covers bench-scale studies conducted 
by various researchers together with the feasibility and cost efficiency of the tech­
nique and limited pilot-scale studies conducted in the field. The theoretical part 
summarizes and reviews different attempts of numerical simulations of the process 
of contaminant transport under electric fields.
Chapter 3 presents the theoretical development and mathematical formulation 
attained in electrokinetic soil processing. This chapter describes the coupled fluxes 
of fluid, mass, and charge under hydraulic, electric, and chemical concentration gra­
dients. Principles of conservation of matter and energy are applied to these fluxes 
resulting in partial differential equations describing the coupled transient hydraulic, 
electric, and chemical potentials distributions. Chemical reactions in the soil pore
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fluid, such as sorption and precipitation/ dissolution, are described by algebraic equa­
tions employing laws of mass action. The resulting differential/algebraic equations 
are summarized for a system of reactive chemical species in the soil pore fluid. Finally 
this chapter describes the resulting system of equations, initial and boundary condi­
tions for modeling soil pH and modeling lead transport and removal by electrokinetic 
soil processing.
Chapter 4 summarizes different numerical schemes that could be used to solve 
the developed system of differential and algebraic equations and explains the iterative 
scheme utilized for this study. This chapter also describes the finite element approach 
and the variational formulation used to solve the system of differential equations. 
The isoparametric element used, formulation of local and global matrices, and the 
technique utilized for matrix inversion are summarized.
Chapter 5 presents design of the bench-scale and pilot-scale experiments con­
ducted in this study. Size and shape of the container and soil samples together with 
type and configuration of the electrodes are described. The procedure used for mix­
ing and compacting kaolinite with lead is discussed. A description of the probes and 
instruments used for measuring voltage distribution, soil suction, temperature, and 
pH is provided. The implemented data acquisition system is summarized and the 
procedures used for soil sampling and chemical analysis are presented.
Chapter 6 presents the results and analysis of the experimental work. Changes 
in soil, catholyte, and anolyte pH, final water content, and voltage distribution of 
all bench-scale and pilot-scale experiments are presented, analyzed, and discussed. 
This chapter discusses the effects of the electrochemical changes during processing 
bench-scale and pilot-scale specimens and their impact on the electric and hydraulic 
potential distributions. Significance of the different lead transport mechanisms under 
the applied electric gradient are discussed. Final lead distributions across the soil
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and removal efficiencies for these experiments are presented. Energy expenditure 
and cost for these experiments are evaluated.
Chapter 7 describes the results of the numerical model and the results of the 
computer code developed for lead transport and removal under electric fields. Com­
parisons between the results of the model with the results of the pilot-scale experi­
ment with initial lead concentration of 5322 iigjg are presented.
Chapter 8 summarizes the findings and conclusions of the study. Recommen­
dations for future research are presented. Program listing, a list of the input and 
output files, and data generated in bench-scale and pilot-scale tests are presented 
in Appendices A-D.




Multi-species transport under electric fields is an area that is gaining increas­
ing attention and interest. Species transport mechanisms under electric fields are 
envisioned to be employed in remediating soils from inorganic and organic species 
(electrokinetic remediation), injection of microorganisms and nutrients in bioreme­
diation, injection of grouts in soil stabilization and waste containment, soil and pore 
fluid characterization and species extraction using penetrating probes, diversion sys­
tems for contaminant plumes, and leak detection systems in containment barriers 
(Acar and Gale 1986, Acar et al. 1989). Bench-scale and limited pilot-scale studies 
in electrokinetic remediation demonstrate that the technique has significant poten­
tial. It becomes necessary to gain a better understanding of multi-species transport 
mechanisms both in an effort to critically evaluate the fundamental basis of the 
processes and also to develop the necessary design/analysis tools in engineering the 
implemented techniques.
2.2 E lectrokinetic Phenom ena in Soils
Generally, discrete clay particles have a negative surface charge that influences 
and controls the particle environment. This surface electric charge can be developed 
in different ways, including the presence of broken bonds and due to isomorphous 
substitution (Mitchell 1993). Thereupon, the clay particle-water-electrolyte system
13
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is usually considered to consist of three different zones; the clay particle with nega­
tively charged surface, pore fluid with excess positive charge, and the free pore fluid 
with zero net charge (Figure 2.1). The net negative charge on the clay particle sur­
faces requires an excess positive charge (or exchangeable cations) distributed in the 
fluid zone adjacent to the clay surface forming the diffuse double layer. The quantity 
of these exchangeable cations required to balance the charge deficiency of clay is 
termed the cation exchange capacity (CEC), and expressed in milliequivalents per 
100 grams of dry clay.
Several theories have been proposed for modeling charge distribution adjacent 
to clay surface. The Gouy-Chapman diffuse double layer theory has been widely 
accepted and applied to describe clay behavior. A detailed description of the diffuse 
double layer theories for a single flat plate is found in Hunter (1981), Stumm (1992), 
Mitchell (1993), and Yeung (1993).
Electrokinetics is defined as the physicochemical transport of charge, action of 
charged particles, and effects of applied electric potentials on formation and fluid 
transport in porous media. The presence of the diffuse double layer gives rise to 
several electrokinetic phenomena in soils, which may result from either the move­
ment of different phases with respect to each other including transport of charge, 
or the movement of different phases relative to each other due to the application of 
electric field. The electrokinetic phenomena include electroosmosis, electrophoresis, 
streaming potential, and sedimentation potential. Electroosmosis is defined as fluid 
movement with respect to a solid wall as a result of an applied electric potential 
gradient. In other words, if the soil is placed between two electrodes in a fluid, the 
fluid will move from one side to the other when an electromotive force is applied. 
Electrophoresis is the movement of solids suspended in a liquid due to application 
of an electric potential gradient. Streaming potential is the reverse of electroosmo­
sis. It defines the generation of an electric potential difference due to fluid flow in





Distance From Clay Surface
Figure 2.1: Charge Distribution Adjacent to Clay Surface (Mitchell 1993)
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soils. Sedimentation (or migration) potential, known as Dorn effect (Kruyt 1952), is 
an electric potential generated by the movement of particles suspended in a liquid. 
Figure 2.2 displays the electrokinetic phenomena identified herein.
Under certain conditions, electroosmosis will have a significant role in electroki­
netic soil remediation. Several theories are established to describe and evaluate water 
flow by electroosmosis; the most common being the Helmholtz-Smoluchowski the­
ory, Schmid theory, Spiegler friction model, and ion hydration theory. Descriptions of 
these theories are given in Casagrande 1952, Gray and Mitchell (1967), and Mitchell
(1993). Helmholtz-Smoluchowski model is the most common theoretical description 
of electroosmosis and is based on the assumption of fluid transport in the soil pores 
due to transport of the excess positive charge in the diffuse double layer towards the 
cathode (Figure 2.3).
2.3 H eavy M etals in Soils
The term “heavy metals” is adopted «is a group name for metals and metalloids 
that are associated with pollution and toxicity. The term also includes some ele­
ments which are essential for living organisms at low concentrations (Alloway 1990). 
General classification of heavy metals is based on the atomic density of 6 g jcrrc’ or 
greater.
Studies of heavy metals in ecosystems have indicated that many areas near 
urban complexes, metalliferous mines or major road systems contain anomalously 
high concentrations of these elements. In particular, soils in such regions have been 
polluted from a wide range of sources with Ph, Cd, Hg, As,  and other heavy metals. 
Some recently have shown concerns that we may be experiencing a silent epidemic of 
environmental metal poisoning from the ever increasing amounts of metals discharged 
into the biosphere (Brady 1984; Alloway 1990).
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Figure 2.2: Electrokinetic Phenomena in Soils (Mitchell 1993)
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As, Ag, Cd, Cu, Hg, Pb, Sb, and Zn  are naturally encountered in the top 
(surface) horizons of the soil rather than the lower horizons due to the effect of cy­
cling through vegetation, atmospheric deposition, and adsorption by the soil organic 
matter. Though natural concentrations of heavy metals in soils are not high, pol­
luted or contaminated soils exist due to one or more of the following reasons (Alloway 
1990),
• the use of leaded petrol for motor vehicles has been responsible for atmospheric 
pollution and consequently deposition in soils,
•  the disposal of urban and industrial wastes can lead to soil contamination from 
the deposition of aerosol particles emitted by incineration of materials contain­
ing metals. The unauthorized dumping or disposal of items containing metals, 
ranging from miniature dry-cell batteries {Ni,  Cd,  and Hg)  to abandoned cars 
and car components, such as f  6-acid batteries, can give rise to small areas of 
very high metal concentrations in soils. The disposal of some domestic waste by 
burning on garden bonfires or burial in the garden can also result in localized 
high concentrations of metals, such as Pb,  in soils used for growing vegetables,
• organic manures which include poultry manures that may contain high concen­
trations of Cu or As  fed to improve food conversion efficiency. Sewage sludges 
usually contain relatively high concentrations of several metals, especially those 
from industrial catchments,
•  contribution of metallurgical industries due to emissions of fumes and dusts 
containing metals which are transported in the air and eventually deposited 
onto soils and vegetations, effluent which may pollute soils when watercourses 
flood, and creation of waste dumps from which metals may be leached and thus 
pollute underlying or nearby soils.
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• the mining and smelting of non-ferrous metals have caused soil pollution which 
dates back to Roman times and earlier in some places, although most has 
occurred since the Industrial revolution. Metals are dispersed in dusts, effluent 
and seepage water. Tailings discharged into watercourses have polluted alluvial 
soils downriver from mines during flooding, especially when the dams in lagoons 
fail,
•  the combustion of fossil fuels which results in the dispersion of many elements 
in the air over a large area. The disposal of ash is a further source of heavy 
metals, and
•  agricultural fertilizers and pesticides which usually contain various combination 
of heavy metals, either as impurities or active constituents.
2.4 Soil C ontam ination W ith  Lead
Soil contamination with lead has been documented to result from the use of 
different chemical forms of lead in petrol, paints, batteries, and pesticides, due to 
smelting of metals and mining, and due to disposal of lead-acid storage batteries 
(Harrison and Laxen 1981). Figure 1.2 displays that lead is the most frequently 
identified species in soils among the 1217 sites listed on the NPL in 1989. Soil 
contamination with lead at high concentrations such as 100,000 i ig/g  (10% by weight) 
is not uncommon.
Compared with most other contaminants, lead has a tendency of long residence 
time in soils. Together with its compounds, as lead accumulates in soils and de­
posits it remains accessible to the food chain and human metabolism far into the 
future. Detrimental effects associated with lead have been recognized for a long 
time. Lead is poisonous, and there are fears that body burdens below those at which 
clinical symptoms of lead toxicity appear may cause mental impairment in young
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children (Harrison and Laxen 1981). Clinical symptoms associated with lead poison­
ing include anemia, various digestive disorders, and central nervous system effects. 
Currently, no widely accepted remediation or treatment technology exists for lead- 
contaminated hazardous waste sites. The most common treatment methods for lead 
contamination are containment or landfill disposal.
2.5 Principles o f Electrokinetic Soil R em ediation
Electrokinetic soil remediation technology uses a low level direct current, in 
the order of milliamps per cm^ of soil cross-sectional area, to transport and re­
move species from soils. Upon application of a low level direct current the soil 
water-electrolyte system undergoes physicochemical and hydrological changes lead­
ing to contaminant transport and removal. The applied electric current (or elec­
tric potential difference) leads to electrolysis reactions at the electrodes, acid-baise 
distribution driven by chemical, electrical, and hydraulic potential differences, ad­
sorption /desorption and precipitation/ dissolution reactions, transport of the pore 
fluid and ions, and electro deposition. These on-going physico-chemical processes are 
reviewed in the following subsections.
2.5.1 Electrolysis Reactions
Application of direct electric current through electrodes immersed in water in­
duces electrolysis reactions in the immediate vicinity of Electrodes. Oxidation of 
water at the anode generates an acid front while reduction at the cathode produces 
a base front by the following electrolysis reactions,
2 H2O -  4e~ ^  O2 Î +  4H+ E° =  -1 .229  {anode) (2.1)
2 H2O +  2e  ^ T +  2 0 / / -  E° =  -0 .8277  {cathode) (2 .2 )
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Secondary reactions may exist depending upon the concentration of available species,
e.g.,
2 //'*' +  2e“ — y i /2 T E° =  0.0 (reference)  (2.3)
ilf +  ne~ — Me(s)  (2.4)
where E° is the standard reduction electrochemical potential, which is a measure of 
the tendency of the reactants in their standard states to proceed to products in their 
standard states, and M e  refers to metals. Table 2.1 presents standard reduction elec­
trochemical potentials for different electrolysis reactions in aqueous solution at 25°C. 
The prevailing of electrolysis reactions at the electrodes depends on the availability 
of chemical species and the electrochemical potentials of these reactions. Although 
some secondary reactions might be favored at the cathode because of their lower 
electrochemical potential, the water reduction half reaction ( / / 2O // /2) is dominant 
at early stages of the process (the first two to three weeks of processing bench- 
scale tests). At later stages, the acid front advances towards the cathode carrying 
and the cationic contaminants and half cell secondary reactions (H'^/Hf) or 
[Me~^  ^jMe(s ))  are expected to dominate. Within the first 100 hours of processing, 
electrolysis reactions will drop the pH at the anode to below 2 and increase it at the 
cathode to above 12, depending upon the total current applied (Acar et al. 1990, 
1993).
2.5.2 Changes in Soil pH
The acid generated at the anode will advance through the soil towards the cath­
ode. This advance is governed by different transport mechanisms including ionic 
migration due to electrical gradients, pore fluid advection due to the prevailing elec­
troosmotic flow, pore fluid advection due to any externally applied or internally gen­
erated hydraulic potential differences, and diffusion due to concentration gradients.
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Table 2.1: Standard Reduction Electrochemical Potentials in Aqueous Solution at 
25°C  (Kotz and Purcell 1987)
Reduction Half Reaction E° (V)
p 2 +  2e __ ^ 2F~ +2.87
H 2 0 2 {p,q) +  2H'^(aq) +  2 e” 2H20(1) +1.77
+  3e" Au(s) +1.50
Hg^+ +  2 e - m ) +0.855
Ag"^{aq) +  e" Ag{s) +0.80
Fe^'^{aq) +  e" F e2+ +0.771
0 2 (9 ) +  H20{1) +  4e“ W H - +0.40
+  2e" Cu{s) +0.337
+  2e - 5 n 2 + +0.15
2H+{aq)  +  2e" H2{g) 0.00
Sn^'^{aq) +  2e~ Sn{s) -0.14
Ni^'^{aq) +  2 e“ Ni(s ) -0.25
C(P'^{aq) +  2e~ Cd{s) -0.40
Fe^'^{aq) +  2e“ f e ( s ) -0.44
Zn'^'^{aq) +  2e~ Zn{s) -0.763
2 H 2 0 {1) +  2e - — » H2 [g) +  20H~{aq) -0.8277
AP+{aq)  +  3e- — > AZ(a) -1.66
Mg^'^{aq) +  2 e“ — > Mg{s) -2.37
Na'^{aq) +  e~ Na{s) -2.714
Li'^{aq) +  e~ Li(s) -3.045
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These transport mechanisms are discussed in more detail hereinafter. The alkaline 
medium developed at the cathode due to production of 0 H ~  will initially advance 
towards the anode by diffusion and ionic migration; however, the counterflow due 
to electroosmosis will retard this back-diffusion and migration. The advance of this 
front towards the anode will be much slower than the advance of the acid front to­
wards the cathode because of the counteracting electroosmotic flow and also because 
the ionic mobility of is about 1.76 times that of 0H ~ .  As a consequence, the acid 
front dominates the chemistry across the specimen (Acar et al. 1990; Alshawabkeh 
and Acar 1992; Acar and Alshawabkeh 1994). Figure 2.4 displays development of 
the acid/base profile across a 10 cm length, cylindrical Georgia kaolinite specimen 
processed under one-dimensional conditions at a current density of 12.5 /^A/cm^ 
(Acar et al. 1990).
The decrease in pH value in the soil depends on the amount of acid generated 
at the anode (Acar et al. 1990, 1993a) and the buffering capacity of the clay. Yong 
et al. (1990) investigated the buffering capacity of various types of clays and demon­
strated that the cation exchange capacity and the organic content highly influence 
the soil pH. Furthermore, the study showed that kaolinite has low buffering capacity 
compared with different types of clayey soils.
2.5.3 Sorption Reactions
Heavy metals and other positively charged species are highly attracted and 
adsorbed on the negatively charged clay surfaces. Metals have different sorption 
characteristics and mechanisms that are also dependent upon the adsorbents. Sorp­
tion mechanisms include surface complexation (adsorption) and ion exchange. The 
adsorbents show differences in selectivity sequences for different metals. Table 2.2 
demonstrates that lead, compared to other metals, is highly attracted and adsorbed 
by various clay types.






Specimen Diameter: 5 cm 
Length: 10 cm 
k.= 0.3 to 0.05 ^A-h
k^=3 to 0.8 XlO'^cm^/s-V 
water contents 0.75-0.90
—♦ — 120 h —A- - 19 h
—#  -  27 h • ••O "  5 h
—0 — 48 h ProcessingTime
}initiai pH
G > - 0 :  '
0 0.2 0.4 0.6 0.8 1
NORMALIZED DISTANCE FROM ANODE
Figure 2.4: Acid/Base Distribution Across Specimen of Slurry Consolidated Georgia 
Kaolinite Processed under an Electric Current of 12.5 fiAlcm? (Acar et al. 1990)
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Smectitie, Vermiculite, and Kaolinite 
Albite, Labradorite 
Mineral soil on marine clay 
Peat
C a >  P b >  Cu >  M g  >  C d  >  Zn >  N i  
Pb >  Cu >  Zn  >  Ca  >  Cd  >  M g  
P b >  C a >  Cu >  M g  >  Z n >  Cd  
Zn  >  M n  >  Cd  >  Hg  
Zn > C d >  M n  >  Hg  
Pb > Cu >  Zn >  C d  >  Ca  
Pb  >  Cu >  C d  =  Zn >  Ca
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Desorption of heavy metals from the clay is essential for the remedy to be effi­
cient in contaminated fine-grained deposits. The adsorption/desorption mechanism 
depends upon the surface charge density of the clay mineral or CEC, characteris­
tics and concentration of the cationic species, and existence of organic matter and 
carbonates in the soil. Furthermore, the adsorption/ desorption mechanism is pH 
dependent. An increase in concentration associated with a decrease in pH re­
sults in desorption of cations by an amount controlled by the soil type (Maguire et 
al. 1981; Harter 1983; and Yong et al. 1990). Therefore, acidification of the soil 
by the electrolysis reaction at the anode is a fundamental mechanism that assists in 
desorption of these species (Figure 2.5).
2.5.4 Precipitation/D issolution
Dramatic changes in the soil electrochemistry throughout electrokinetic soil pro­
cessing results in different chemical reactions including precipitation/ dissolution of 
salts and soil minerals. Species transport in soil pore fluid is highly influenced by 
formation and dissolution of these precipitates.
The base front generated by electrolysis at the cathode will cause precipitation 
of most heavy metals and actinides. The amount of precipitate differs from one 
species to another and it is highly dependent on soil and pore fluid pH. Though 
the advance of the acid front generated at the anode will cause dissolution of most 
precipitates encountered, each precipitation or dissolution reaction is treated inde­
pendently depending upon the solubility product constant. Acar et al. (1993) and 
Acar and Alshawabkeh (1993) recommend the use of different enhancement tech­
niques in order to remove these precipitates from the cathode zone. The advance of 
the acid front generated at the anode is also expected to cause dissolution of clay 
minerals. Kaolinite dissolution, which is pH dependant, generates different chemical 
forms of aluminum and silica. The impact of mineral dissolution on the efficiency of
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electrokinetic soil remediation has not yet been investigated. However, Ugaz et al.
(1994) investigated the effect of using acid washed soil sections near the cathode on 
the efficiency of the process for removal of radionuclides from kaolinite. The study 
did not show any significant influence of acid washing soil sections near the cathode 
prior to processing on species transport.
2.5.5 Contaminant Transport, Capture, and Removal
Free chemical species present in the pore fluid and/or desorped from the soil 
surface will be transported towards the electrodes depending upon their charge. 
The primary driving mechanisms of species transport are the same as the acid or 
base transport mechanisms. Ion migration, advection, together with diffusion will 
contribute to the movement of species through the soil mass. At zones of high pH, 
both precipitation and sorption will retard species transport.
As a result of transport of chemical species in the soil pore fluid, cations will 
collect at the cathode and anions at the anode. Heavy metals and other cationic 
species will be removed from the soil either with the effluent, or they will be deposited 
at the cathode. Treatment of the effluent (such as ion exchange or resin columns) 
could be used for removal of the excess ions. Figure 2.6 presents a schematic diagram 
of in-situ electrokinetic soil remediation.
2.5.6 Enhancem ent/Conditioning
Acar et al. (1993a) recommend the use of different enhancement techniques in 
order to remove and/or avoid precipitation in the cathode compartment. “Envisioned 
enhancement schemes are expected to have the following characteristics; (a) the pre­
cipitate should be solubilized and/or precipitation should be avoided (b) preferably, 
ionic conductivity across the specimen should not increase excessively in a short pe­
riod of time both to avoid a premature decrease in electroosmotic transport and to
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Figure 2.6: Schematic of Electrokinetic Soil Processing Showing Migration of Ionic 
Species, Transport of Acid Front and/or Processing Fluid Across the Processes 
Medium (Acar and Alshawabkeh 1993)
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allow transference of species of interest, (c) the cathode reaction should possibly be 
depolarized to avoid generation of the hydroxide and its transport into the specimen,
(d) such depolarization will also assist in decreasing the electrical potential differ­
ence across the electrodes leading to lower energy consumption, (e) if any chemical is 
used, the precipitate of the metal with this new chemical should be perfectly soluble 
within the pH ranges attained, and (f) any special chemicals introduced should not 
result in any increase in toxic residue in the soil mass” (Acar et al. 1993a).
Acar et al. (1993a) have investigated the depolarization of the cathode reaction 
by using an acid which forms a soluble salt with species in transport. “Low concen­
trations of hydrochloric acid or acetic acid is introduced at the cathode to depolarize 
the cathode reaction. One concern with the introduction of hydrochloric acid is its 
possible electrolysis and formation of chlorine gas when it reaches the anode com­
partment. Acetic acid is environmentally safe, it does not fully dissociate and most 
acetate salts are soluble and therefore it is preferred.” (Acar et al. 1993a).
Migration of the acid generated at the anode would generally aid in desorption 
of the species. However, when this process is considered in conjunction with migra­
tion of a species of interest, the substantial increase in hydrogen ion concentration 
and the complementing increase in the hydrogen ion transference number may hinder 
transport of other species (Acar and Alshawabkeh 1993). If hydrogen ion generation 
and supply at the anode is not controlled, most of the energy may be consumed by 
generation and migration of the proton across the cell rather than the transport of 
species of interest. Therefore, if it is desired to promote the transport of species in 
the pore fluid, it may be necessary to depolarize the anode reaction and/or control 
acid production and introduction into the soil mass (Acar and Alshawabkeh 1993). 
As discussed previously, desorption and dissolution reactions will dominate the ad­
vance of the acid front in the specimen. In an attempt to fully exploit the different 
conduction phenomena and transport processes in fleld implementation of electroki-
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netic remediation technique and to improve the efficiency under site conditions, it 
will be necessary to implement process optimization schemes (Acar and Alshawabkeh 
1993).
2.6 A pplications o f E lectrokinetics in Environm ental 
G eotechnics
Electrokinetic soil processing is an emerging technology in waste remediation and 
separation. It is envisioned that various electrokinetic phenomena in soils, described 
in previous sections, will give a chance for additional applications in the area of 
environmental geotechnics other than the extraction chemical species from soils.
2.6.1 Electrokinetic Flow Barriers
Electrokinetic barriers could be used in clay liners to oppose contaminant trans­
port due to hydraulic and chemical gradients. Though compacted clay liners are 
designed to retard or minimize contaminant transport to the underlying soil and 
groundwater, sustained hydraulic and chemical gradient in landfills may result in 
transport and release of contaminant through liners. Figure 2.7a shows that appli­
cation of electrical gradient through clay liners could be used to generate electroos­
motic flow opposing contaminant transport. Yeung (1990) and Yeung and Mitchell 
(1991) have demonstrated that electrokinetic flow barriers may be effective in re­
tarding transport of cationic species but accelerate transport of anionic species. The 
feasibility of the proposed electrokinetic barrier requires study of the effect of electro­
chemical changes on the fabric and engineering characteristics (specifically hydraulic 
conductivity) of clay liners (Alshawabkeh and Acar 1993).
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TRANSPORT O F CONTAMINANTS 
BY HYDRAULIC AND CHEM ICAL POTENTIAL GRADIENTS
LAY BARRIER




Figure 2.7: (a) Electrokinetic flow Barriers and (b) Plume Diversion Scheme
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2.6.2 Hydraulic Conductivity Measurements
Application of direct or alternating current in fine-grained soil mass generates 
electroosmotic flow from the anode to the cathode. If an impermeable anode is used 
(no flow at the anode) a negative pore water pressure (suction) will generate to 
compensate the electroosmotic flow at the anode. The amount of suction generated 
is dependent on the applied electric field, hydraulic conductivity, and coefficient of 
electroosmotic permeability of the soil mass. Using known values of the coefficient 
of electroosmotic permeability and electric potential gradients, measurements of the 
suction generated could be used to back calculate the hydraulic conductivity of the 
soil (Finno et al. 1994).
2.6.3 Concentration and Dewatering
Waste sludge and degraded spoil material are usually stored in ponds which 
cause continuous threat to the environment. Electrophoresis could be first used for 
concentration of the solid particles, followed by electroosmotic consolidation and ion 
migration to separate and extract contaminants (Mitchell 1986). The fecisibility of 
using electrokinetics for dewatering waste sludges and coal/washery slimes has been 
demonstrated by limited bench-scale studies (Krizek 1976; Lockhart 1981; Lockhart 
and Stickland 1984).
2.6.4 Plume Diversion Schemes
Contaminant transport in subsurface soil may always cause threat to ground­
water contamination. This might require short-term immediate solutions by either 
retarding or changing flow directions. Migrational mass flux and electroosmotic wa­
ter flow could be generated towards any required direction by application of direct 
current (or electric gradient) to the soil mass as shown in Figure 2.7b (Acar and 
Gale 1986; Acar et al. 1989; Acar and Hamed 1991). Though the feasibility of
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this technique has not been investigated yet, bench-scale results of electrokinetic 
soil processing demonstrate the significance of the applied electrical gradients on the 
amount and the direction of water and contaminant fluxes.
2.6.5 Hydrofracturing/Electrokinetics/Biorem ediation
Electrokinetics could be used in combination with hydrofracturing and bioreme­
diation for removal of organic contaminants from soils (Ho 1993). Hydrofracturing 
could be applied in contaminated fine-grained deposits to introduce layers of sand 
and carbon as shown in Figure 2.8. Electric potentials could be applied through 
the sand/carbon layers to cause electroosmotic water flow in fine-grained deposits 
to transport contaminants to the cathode, where they can be adsorbed by the car­
bon. Microorganisms might also be introduced for biodégradation of the captured 
organic contaminants. Problems with soil hydrofracturing include generation of ver­
tical cracks in regions close to the surface (when the over consolidation ratio, OCR 
>  4 (By 1992)).
Other uses of electrokinetics in environmental geotechnics include injection of 
grouts, cleanup chemicals or nutrients for growth of microorganisms essential to 
biodégradation of specific wastes, contaminant detection, monitoring the physico­
chemical soil profiling (Acar and Gale 1986; Mitchell 1986; Acar et al. 1989; Acar 
and Hamed 1991), and the use of electrophoresis for sealing impoundment leaks 
(Yeung et al. 1994).
2.7 Feasibility Studies On E lectrokinetic Soil R em ediation
The uses of direct electric currents for electroosmotic consolidation and stabi­
lization of fine-grained deposits have been investigated by geotechnical engineers 
since the late 1930’s. Effective applications of the processes have been demonstrated
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Figure 2.8: Hydrofracturing/Electroldnetics/Biodegradation in Soil Remediation 
(Ho 1993)
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for slope stabilization, chemical alteration of clay soils, concentration, separation, 
and stabilization of polluted dredging, soil consolidation and dewatering, reduc­
tion of negative skin friction of piles, and increasing the capacity of friction piles 
(Casagrande 1952a, 1983; Casagrande et al. 1961; Gladwell 1965; Mise 1961; Esrig 
1968; Wan and Mitchell 1976; Gray and Somogyi 1977; Johnston and Butterfield 
1977; Banerjee and Mitchell 1980a, 1980b). Most of this research has shown feasibil­
ity in geotechnical engineering applications; however, the effects of the application of 
electric gradients and electroosmosis on electrochemical changes of the soil medium 
have entertained limited attention. Gray and Schlocker (1969) investigated the effect 
of pH in controlling changes in soil composition and the feasibility of pH buffering 
during electrochemical treatment. Their results demonstrated that composition and 
physical properties of clayey soils are altered when aluminum is introduced in the 
anolyte. Lockhart (1983) demonstrated that when the pore fluid of the soil has high 
electrolyte concentrations strong electrolyte polarization occurs resulting in limited 
electroosmotic flow. However, Lockhart (1983) concluded that reasonable concen­
trations of electrolytes are not necessarily detrimental to electroosmotic dewatering 
(the meaning of reasonable concentrations is not defined). Putnam (1988) and Acar 
et al. (1989) discussed the effect of electrolysis reactions at the electrodes on soil 
pH. Acar et al. (1989) showed that the acid generated at the anode sweeps across 
the soil specimen ultimately decreasing the soil pH at the cathode.
The feasibility and cost effectiveness of electrokinetics for the extraction of heavy 
metals such as copper, zinc, and cadmium from soils have been demonstrated through 
bench-scale laboratory studies (Runnels and Larson 1986; Hamed 1990; Pamukcu et 
al. 1990; Acar et al. 1992 and 1993). A comprehensive treatise on the removal of 
from soils is reported by Hamed (1990), and Hamed et al. (1991). Kaolinite 
samples are loaded with at various concentrations below and above the cation 
exchange capacity of the clay. As presented in Figure 2.9, the process removed 75%
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to 95% of at concentrations up to 1,500 figjg across the test specimens at an 
energy expenditure of 29 to 60 kWhfm^  of soil processed. Most of the removed 
lead is found electrodeposited at the cathode. This study clearly demonstrated that 
the removal is due to the transport of the acid front generated at the anode by the 
primary electrolysis reaction. The study is the first to demonstrate the development 
of a nonlinear electric potential across the soil mass. Hamed (1990) also investi­
gated the effect of the initial concentration and current density on the efficiency 
of removal. Higher current densities result in removal efficiencies similar to lower 
current densities, however, the energy requirement and cost of processing increases 
exponentially. Acar et al. (1994) demonstrated 90% to 95 % removal of from 
bench-scale kaolinite specimens with initial concentration of 99-114 g,g/g. Acar and 
Alshawabkeh (1993) and Acar et al. (1994) showed higher removal rates of charged 
species can be achieved by. electric migration rather than electroosmotic flow.
Figure 2.10 presents the results of enhanced electrokinetic remediation tests 
conducted on soil from a contaminated site (Acar et al. 1993). “Calcium and lead 
are mostly removed from the leading sections of thé specimen first by dissolution 
then by the transport processes described. Close to 60% of the total lead (42 g) 
is precipitated in the middle sections (123 g of dry soil) clogging the soil pores 
and preventing further transport of the species. In such soils, it may be necessary 
to further enhance the processes by complementing the anodic acid with another 
introduced in the processing fluid” (Acar and Alshawabkeh 1993).
Runnels and Wahli (1993) emphasized the use of ion migration combined with 
soil washing for removal of Cu '^^  and SOl~ from fine sands. Pamukcu and Wittle 
(1992) and W ittle and Pamukcu (1993) demonstrated removal of 
and from different soil types at variable efficiencies. The results showed that 
kaolinite, among different types of soils, had the highest removal efficiency followed by 
sand with 10 % Aa-montmorillonite, while Æa-montmorillonite showed the lowest
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Figure 2.9: Pb  removal by Electrokinetics (Hamed 1990)
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Figure 2.10: Post Treatment Distribution of Lead and Calcium Across Specimens 
From a Site Processed with Acetic Acid Enhanced Electrokinetic Treatment (500 
Current Density for 2,320 h with Average Gradient of 5.0 V/cm)  (Acar and 
Alshawabkeh 1993)
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removal efficiency. Furthermore, their results demonstrated that lower initial con­
centrations of cadmium result in higher electroosmotic efficiency; however, removal 
efficiencies are higher for samples with higher initial concentrations. Other labora­
tory studies reported by Lageman (1989), Banerjee et al. (1990), Eykholt (1992), 
and Acar et al. (1993) further substantiate the applicability of the technique to a 
wide range of heavy metals in soils.
The process can potentially remove radionuclides from clayey soil samples (Ugaz 
et al. 1994, Acar et al. 1992c). Bench-scale tests displayed that uranium at 1,000 
pCifg  of activity is efficiently removed from kaolinite. Figure 2.11 shows the change 
in uranium activity after different processing periods. Removal decreased from the 
anode towards the cathode due to the increase in pH values. A yellow uranium 
hydroxide precipitate was encountered in sections close to cathode. Enhanced elec­
trokinetic processing showed that 0.05M acetic acid is just enough to depolarize 
the cathode reaction and overcome uranium precipitation close to the cathode com­
partment (Figure 2.12). Most uranyl ion was found precipitated at the cathode 
while more was in the catholyte in the acetic acid enhanced experiments (Acar et al. 
1993b). The efficiency and feasibility of using this and other enhancement techniques 
are currently under investigation (Acar et al. 1993b; Acar and Alshawabkeh 1993).
Other radionuclides such as thorium and radium have shown limited removal 
(Acar et al. 1992c). In the case of thorium, it is postulated that precipitation of 
these radionuclides at their hydroxide solubility limits at the cathode region formed 
a gel that prevented their transport and extraction. Limited removal of radium 
is believed to be either due to precipitation of radium sulfate or because radium 
strongly binds to the soil minerals causing its immobilization (Acar et al. 1992c).
Kaolinite specimens prepared with organic molding fluids demonstrated success­
ful application of the process in transport of the BTEX (benzene, toluene, ethylene 
and m-xylene) compounds in gasoline and trichloroethylene loaded on kaolinite spec-
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Figure 2.11: Post-Treatment Distribution of Uranyl Ion Across the Specimen in 
Unenhanced Electrokinetic Experiments (Acar et al. 1992c), (b) Post-Treatment 
Mass Balance in Acetic Acid Enhanced Electrokinetic Remediation Experiments for 
Uranyl ion removal from Kaolinite Specimens (Acar et al. 1993b)
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imens at concentrations below the solubility limit of these compounds (Bruell et al. 
1992; Segal et al. 1992). High degrees of removal of phenol and acetic acid (up to 
94%) also were achieved by the process (Shapiro et al. 1989; Shapiro and Probstein 
1993). Acar et al. (1992) reported removal of phenol from saturated kaolinite by 
the technique. Figure 2.12 demonstrates two pore volumes were sufficient to re­
move 85% to 95% of phenol at an energy expenditure of 19 to 39 kWhfrn^.  Wittle 
and Pamukcu (1993) investigated the feasibility of removal of organics from different 
synthetic soil types. Tests were conducted on kaolinite, iVa-montmorillonite, and 
sand samples mixed with different organics. Their results showed the transport and 
migration of acetic acid and acetone towards the cathode. Samples mixed with hex- 
achlorobenzene and phenol are reported to show accumulation at the center of each 
samples. The results of some of these experiments were inconclusive, either because 
contaminant concentrations were below detection limits or because the samples were 
processed for only 24 hrs  which might not be sufficient to demonstrate any feasibility 
in electrokinetic soil remediation.
Although removal of free phase non-polar organics is questionable, Mitchell 
(1990) stated that this could be possible if they would be present as small bubbles 
(emulsions) that could be swept along with the water moving by electroosmosis. 
Acar et al. (1993) stated that unenhanced electrokinetic remediation of kaolinite 
samples loaded up to 1,000 ngjg  hexachlorobutadiene has been unsuccessful. Acar 
et al. (1993) also reported that hexachlorobutadiene transport was encountered only 
when surfactants are used. Figure 2.13 shows hexachlorobutadiene transport through 
compacted kaolinite using sodium dodecyl sulfate (SDS) in the anode compartment. 
The surfactants form charged micelles which migrate across the soil mass under an 
electric field. Studies are ongoing at Louisiana State University on the use of this 
technique in removing TNT from soils.
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Figure 2.12: Phenol Removal by Electrokinetics (Acar et al. 1992)
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Field studies of soil decontamination by electrokinetics are limited. Lageman 
(1989) and (1993) reported the results of field studies conducted in the Netherlands. 
Figure 2.14 presents a schematic diagram of the reported field process. These studies 
demonstrated 73% removal of Pb  at a concentration of 9000 uglg  from fine argilla­
ceous sand, 90% removal of As  at 300 ggjg  from clay and varying removal rates 
ranging between 50% to 91% of Cr, iVi, Pb, Hg, Cu,  and Zn  from fine argilla­
ceous sand. Cd, Cu, Pb, Ni ,  Zn,  Or, Hg,  and As  at concentrations of 10 to 173 
fig/g  also are removed from a river sludge at efficiencies of 50 to 71%. The energy 
expenditures ranged between 60 to 220 kWh/m^  of soil processed. A field study 
reported by Banerjee et al. (1990) investigated the feasibility to use electrokinetics 
in conjunction with pumping to decontaminate a site from chromium. Although 
the effluent chromium concentrations increased slightly, the results of this study are 
inconclusive as the investigators monitored only the effluent concentrations and did 
not scrutinize removal across the electrodes.
The laboratory studies reported by Runnels and Larson (1986), Lageman (1989), 
Acar et al. (1989), Shapiro et al. (1989), Pamukcu et al. (1990), Hamed (1990), 
Bruell et al. (1990), Acar et al. (1990), Hamed et al. (1991), Eykholt (1992), 
Ugaz et al. (1994), Runnels and Wahli (1993), Acar et al. (1993), and Acar et 
al. (1994) together with the pilot-scale study conducted by Lageman (1989) display 
the feasibility of the process in removing inorganic species and low level organic 
contaminants from soils. Table 2.3 summarizes the laboratory data reported for 
removal of chemical species from soils by electrokinetics.
2.8 Theoretical M odeling o f Electrokinetic Soil Processing
Modeling coupled transport of fluid, charge, and chemically reactive species is 
based on generally accepted set of transient (time-dependent) coupled partial differ-









Figure 2.14: A Schematic Diagram of the Field System Reported by Lageman (1989)
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DIW: Deionized Water, DW: Distilled Water, GW: Ground Water, HS: HumicSoIution, TW: Tap Water, NA: Not Available.
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ential equations that maintain conservation of matter and energy and the principles 
of continuum. A set of nonlinear algebraic equations accompanies these partial dif­
ferential equations to describe the chemical reactions among the constituent species.
For electro-osmotic consolidation of soft clay deposits, models which assume 
constant electrical potential gradient across the soil mass are proposed and analyt­
ical/numerical solutions are presented (Esrig 1968, Wan et al. 1976, Lewis et al. 
1973, 1975, Bruch 1976, Banerjee et al., 1980a, 1980b). These models do not involve 
the chemistry associated with the process.
Theoretical treatise and pertinent solutions to multidimensional contaminant 
transport equations and hydrochemical transport equations in groundwater due to 
chemical and hydraulic gradients have shown significant progress in the last decade. 
Mangold and Tsang (1991) have presented a summary of the geochemical, contam­
inant transport, hydrochemical models, their solutions and limitations. Yeh and 
Tripathi (1991) have developed and demonstrated a detailed two-dimensional finite 
element hydrogeo chemical transport model for reactive multispecies solute trans­
port. The described model can be applied to heterogeneous, anisotropic, and satu­
rated/unsaturated media, and can simultaneously account for chemical processes of 
complexation, dissolution/precipitation, adsorption/desorption, ion exchange, redox, 
and acid/base reactions.
Contaminant transport models which incorporate electrical gradients are lim­
ited. A caretal. (1988) and Acar et al. (1989) presented a one dimensional pioneering 
model used to estimate the pH distribution during electrokinetic soil processing. The 
model provides reasonably good qualitative agreement with experimental evaluation 
of H"*" transport and distribution. This model considers the electrochemistry of the 
process. However, it neglects the time dependent changes in electrical and hydraulic 
gradients, disregards the coupling of electrical gradients with hydraulic gradients and
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does not incorporate the complicated chemistry and reactions associated with the 
process.
Yeung (1990) and Mitchell and Yeung (1991) have proposed another model in 
a study of the feasibility of using electrical gradients to retard or stop migration of 
contaminants across earthen barriers. Principles of irreversible thermodynamics were 
employed by these authors and a one dimensional model is developed for transport 
of contaminants across the liner. The integral finite difference method was used to 
solve the problem and the model reasonably predicted the transport of sodium and 
chloride ions across the liner. The limitations of this model are similar to those of 
Acar et al. (1989). Furthermore, the complicated chemistry of the electrode reactions 
(acid/base distributions) were not included and nonlinear changes in electrical and 
hydraulic potentials are neglected.
Shapiro et al. (1989) and Shapiro and Probstein (1993) incorporated the elec­
trochemistry of the process and developed a model for transport of chemical species 
under electrical gradients. The model couples the transport equations of chemical 
species together with the charge flux equation and accounts for the chemical reac­
tions in the soil pore fluid. A steady state electroosmotic flux was assumed and 
calculated by averaging the electrical gradient and zeta potential across the soil sam­
ple. Shapiro and Probstein (1993) reported that the numerical solution is achieved 
using finite element method in the spatial domain and Adams-Bashforth integration 
in time. The results were compared with the experiments for the case of constant 
voltage at the boundaries (the current changes with time depending upon the elec­
trical conductivity of the soil sample). Comparisons displayed a good agreement in 
one case of acetic acid removal from a kaolinite specimen of 40 cm length. Other 
experiments did not show good agreement with the model results. The model inte­
grates the charge flux equation to evaluate the electric potential distribution and did 
not solve the equation describing preservation of the electric charge. The model as-
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sûmes incompressible soil medium, disregards the changes in the hydraulic potential 
distribution, and also does not account for any sorption reactions.
Eykholt (1992) attempted to model the pH distribution during the process using 
a mass conservation equation accompanied by empirical relations to account for 
the nonlinearity in the process. One transport differential equation is formed by 
subtracting the equation describing 0 H ~  transport from the equation describing
transport and assuming that hydrogen and hydroxyl ions have the same diffusion 
coefficients and ionic mobilities. The approach of using a dummy concentration of the 
difference between and 0 H ~  concentrations has been widely used in modeling 
contaminant transport in groundwater to eliminate the rate of chemical reactions, 
such as the water autoionization reaction, from the differential equations (Miller and 
Benson 1983). However, it is confusing to use this approach in the case of species 
transport under electric gradients, even when the equal ionic mobility assumption is 
made for these species; in an electric field, 0 H ~  migrates in a direction opposite to 
that of migration because of their opposite electric charge. This study showed 
that a negative pore water pressure may develop in soil due to changes in zeta 
potential. The development of negative pore water pressure is modeled based on zeta 
potential measurements made by Lorenz (1969) for kaolinite at different pH values. 
The modified Smoluchowski equation (developed by Anderson and Idol 1986) was 
used together with the proposed empirical relations to predict changes in the electric 
potential distribution.
Corapcioglu (1991) has presented a formulation of the system of equations gov­
erning the coupled transport of mass, charge, and fluid under electrical, chemi­
cal and hydraulic gradients assuming a nonreactive mass transport. Alshawabkeh 
and Acar (1992) have described a system of differential/algebraic equations for the 
process accounting for the chemical reactions of adsorption/ desorption, precipita­
tion/dissolution, and acid/bcise reactions. Acar and Alshawabkeh (1994) have mod­
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eled the changes in soil and efHuent pH during electrokinetic soil processing. Two 
transient transport equations for hydrogen and hydroxyl ions are used together with 
the water autoionization equation. This attempt also assumes linear electric and 
hydraulic gradients throughout the process and disregards the coupling of these com­
ponents. Furthermore, in these models no special treatise is provided for the effect 
of conservation of electrical neutrality on transport of the chemical species present.
A comprehensive theoretical model is required for electrokinetic soil process­
ing. This model should account for coupled multicomponent species transport under 
electric, hydraulic and chemical gradients. Chemical reactions in the soil pore fluid, 
such as sorption, precipitation/dissolution, aqueous phase, water autoionization, and 
electrolysis reactions, also should be included. This model is expected to provide the 
basis for a comprehensive design/analysis tool for the different boundary conditions, 
site-specific contamination and variable soil profiling encountered in full scale im­
plementation of the process. Such a theoretical model also would allow assessment 
of the principles of multispecies transport under electric fields.




Electrokinetic soil remediation encompasses a sundry of physico-chemical pro­
cesses that cause species transport and removal. Theoretical understanding and 
simulation of the technology demand a grasp of the mathematical formulation of 
these processes. These processes are controlled by such variables as electrolysis reac­
tions at the electrodes, pH and soil-surface chemistry, equilibrium chemistry of the 
aqueous system, electrochemistry of the contaminants, and geotechnical/hydrological 
characteristics of the porous medium. The complexity of the processes involved ne­
cessitates simplifying assumptions which would allow numerical simulation within 
the proposed time frame.
3.2 A ssum ptions
The following assumptions are employed in the theoretical development pre­
sented in this study.
1. The soil medium is isotropic and saturated.
2. The soil medium consists of clay particles with negatively charged surface, the 
fluid region with the excess cations, and the pore free fluid with N  number of 
chemically reactive species.
57
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3. All fluxes are linear homogeneous functions of all driving forces (or potential 
gradients).
4. Isothermal conditions prevail (coupled heat transfer is neglected).
5. All the applied voltage is effective in fluid and charge transport.
6. Electrophoresis is not present.
7. Hydraulic conductivity, coefficient of electroosmotic permeability, and coeffi­
cient of volume compressibility are constant in time and space.
8. The chemicoosmotic coupling is negligible.
9. The chemical reactions (precipitation/dissolution, aqueous phase reactions, and 
sorption) are at instantaneous equilibrium (rate kinetics are ignored).
10. Soil particles are treated as electrically nonconductive (insulators).
11. Surface conductance and streaming potential are negligible.
Most of the stated assumptions are reasonable and they are made in an attempt 
to accomplish the identified objectives within the scope and time frame available for 
this study. Other assumptions were also necessary since a limited understanding of 
the mathematical formulation of the physical or chemical specific processes exists. 
Justification of some of these assumptions is presented below while further discussion 
is presented throughout the manuscript.
Specific amount of the applied electric energy might be consumed in genera­
tion of heat, which might generate thermal gradients. The effect of the generated 
thermal gradient on the transport processes and performance and efficiency of elec­
trokinetic processing is not included herein and is yet to be investigated. Therefore, 
an isothermal system is assumed where all the applied electrical energy is available 
for transport.
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Electrophoresis is a significant transport mechanism for clay suspensions. In 
the case of compacted or even soft clay deposits, electrophoresis will have a mi­
nor contribution in charge transport under electric currents. The assumption of no 
electrophoresis is, therefore, assumed to be valid in this study.
Generation and dissipation of pore water pressure in soils result in consolidation, 
and changes in soil porosity. Coefficients of hydraulic conductivity, electroosmotic 
permeability, and soil compressibility are expected to change in time and space as 
a result of soil consolidation. In some cases, such as consolidation of slurries, con­
solidation greatly affects porosity, hydraulic conductivity, and soil compressibility; 
however, in compacted clays, changes in hydraulic conductivity are not expected to 
be significant. The effects of these changes are not accounted for in this study be­
cause the uncertainty in evaluating these parameters would be more than the changes 
expected in their values.
The assumption of no chemicoosmosis is justified by the fact that this component 
becomes significant only in the presence of large chain molecules and in very active 
clay deposits (Mitchell et al. 1973).
3.3 Transport Processes
Application of hydraulic, electric, chemical, and/or thermal gradients to a homo­
geneous medium of soil-water-electrolyte results in transport of matter and energy. 
The resulting fluxes of fluid, charge, mass, and/or heat through the soil medium, 
their changes with time, and their effects on the properties and composition of the 
soil medium are significant in various geotechnical/geoenvironmental problems.
The fluxes of matter and/or energy through soil-water-electrolyte media could 
be categorized into two types; uncoupled fluxes and coupled fluxes. Direct sponta­
neous uncoupled fluxes result from application of a potential gradient of the same
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type of the matter transported (conjugated driving forces). Examples of direct fluxes 
are fluid transport due to a hydraulic gradient (Darcy’s law), charge transport due to 
an electric gradient (Ohm’s law), mass transport due to a chemical gradient (Pick’s 
law), and heat transport due to a thermal gradient (Fourier’s law). Coupled fluxes 
result from transport of matter and/or energy due to a potential gradient of differ­
ent type than the matter and/or energy transported (non-conjugated driving forces). 
The nature of the soil-water-electrolyte system with the presence of the diffuse dou­
ble layer gives arise to spontaneous coupled transport fluxes. Examples of coupled 
fluxes in soil-water-electrolyte system are water transport due to an electric gra­
dient (electroosmosis), heat transport due to a chemical gradient (Dufour effect), 
and charge transport due to a thermal gradient (Soret effect). Table 3.1 summa­
rizes various coupled and uncoupled direct fluxes identified as a result of application 
of hydraulic, electric, chemical, and thermal gradients to a system of soil-water- 
electrolyte.
Assuming that all fluxes are linear homogeneous functions of all their applied 
and/or generated driving forces (or potential gradients), the following equation is 
used to define a system of m fluxes, J(m ), due to m conjugate driving forces, F{m),
J{m)  =  L ■ F{Tn) (3.1)
where L is (m x m) matrix of coefficients L.j relating the flux J,- to a force Fj. 
The coefficients La, L j j , ..., in the main diagonal of the matrix are named straight 
(diagonal or uncoupled) coefficients, since they relate the fluxes to their conjugated 
forces. The other coefficients are called coupling (or cross) coefficients, as they relate 
the fluxes to the non-conjugated forces. The flux J, is, therefore, described by
Ji =  X) i  =  l , . . . ,m  (3.2)
t=i
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3.3.1 Fluid Flux
Fluid flux results from application of a hydraulic gradient (Darcy’s law), an elec­
tric gradient (electroosmosis) and/or a chemical gradient (chemicoosmosis). Chemi- 
coosmosis is not included because, as stated in the assumptions, it is significant only 
in the presence of large chain molecules and in very active clay deposits.
3.3.1.1 Darcy’s Law of Advection
Fluid flux due to a hydraulic gradient, (LT~^), is given by Darcy’s law as,
=  h  V ( - k )  (3.3)
where is the coefflcient of hydraulic conductivity {LT~^), h (L)  is the hydraulic 
head {h =  u /7,,,), u is the hydraulic potential {FL~^), and 7 ,^ in the unit weight 
of the pore fluid {FL~^). Numerous methods exist for evaluating the hydraulic 
conductivity of fine-grained soils. Daniel (1989) and (1993) summarize various lab­
oratory and field methods and equipment that can be used for the measurement of 
the hydraulic conductivity of different soil types.
Extensive research has been carried out on the hydraulic conductivity of fine­
grained soils with a relatively good understanding of the fundamental factors affecting 
its value (Lambe 1954, 1958; Mitchell et al. 1965; Olson and Daniel 1981; Boynton 
and Daniel 1985; Acar and Olivieri 1989). These studies indicate that microstructure 
and fabric are among the factors that highly influence fluid transport in fine-grained 
deposits. Dispersed micro-structure generally results in lower hydraulic conductivity 
than flocculated micro-structure. Acar and Olivieri (1989), in a study on the effect 
of pore fluid chemistry on fabric and hydraulic conductivity of compacted clays, show 
that a change in the hydraulic conductivity occurs when organic fluids are permeated 
through them in response to changes in the diffuse double layer, particle interactions 
and consequently soil fabric. Other factors that affect kh, include soil porosity and
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pore size distribution. The presence of uniformly distributed fine size pores results 
in lower hydraulic conductivity, while the presence of macro pores results in higher 
hydraulic conductivity, even if soil porosity is the same in both cases.
Electrokinetic soil remediation induces changes in the pore fluid chemistry, dif­
fuse double layer, soil fabric and consequently the hydraulic conductivity. Further­
more, electroosmotic consolidation is expected to take place and influence the hy­
draulic conductivity value. In attempting to model electrokinetic soil remediation 
in this study, hydraulic conductivity is assumed to be constant in time and space 
because of the following reasons; (a) there is no clear mathematical formalism that 
can describe the effect of pore fluid chemistry on soil fabric and consequently the 
hydraulic conductivity, and (b) the uncertainties in evaluating the hydraulic conduc­
tivities are more significant than the changes expected in their values.
3 .3 .1 .2  E lec tro o sm o tic  F lu id  F lu x
The Helmholtz-Smoluchowski theory for electroosmosis is the most commonly 
adopted theoretical description of fluid transport through soils due to electrical gra­
dients. Similar to the hydraulic conductivity, this theory introduces the coeflficient 
of electroosmotic permeability, fee as the volume rate of fluid flowing
through a unit cross sectional area due to a unit electrical gradient. Hence, the 
electroosmotic flow rate, {LT~^), is expressed by an empirical relation similar to 
Darcy’s relation,
K  =  fce V ( - E )  =  ki I  (3.4)
where E  is the electric potential (V), I is the electric current density 
and ki is the electroosmotic coefficient of fluid transport given by,
^  (3.5)
CT* {CV~^T~^L~^) is the effective electrical conductivity of the soil medium.
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Although Equation 3.4 can provide an estimate of the flow rate for known value 
of the coefflcient of electroosmotic permeability and electric conductivity under con­
stant current conditions, it assumes constant electrical gradient across the electrodes. 
Applying an electric current through the soil medium will generate a zone of high 
electrical conductivity at the anode and a zone of low electrical conductivity at the 
cathode (Hamed 1990; Acar et al. 1993). Figure 3.1 presents a comparison of the pH 
and conductivity profiles across a soil specimen upon a complete sweep of the acid 
front generated at the anode compartment. Figure 3.2 presents a typical profile of 
electrical potential difference across the soil specimen in a test conducted for Cr^'^  
removal. As depicted in Figure 3.2, the electrical potential drop is mostly realized 
in the cathode region, resulting in higher electro-osmotic flow in that region rather 
than the anode region.
The value of is widely accepted to be a function of zeta potential, viscosity of 
the pore fluid, porosity and electrical permittivity of the soil medium. When the soil 
pores are treated as capillary tubes, the coefficient of electroosmotic permeability is 
given by,
he =  —^  n (3.6)
V
where e is the permittivity of the medium {farad  L~^), C is the zeta potential (F ), n is 
the porosity and tj is the viscosity {FTL~"^). While hydraulic conductivity,
A:/i, is significantly influenced by the pore size and distribution in the medium (Acar 
and Olivieri 1989), the electroosmotic coefficient of permeability, kg, according to the 
Helmholtz-Smoluchowski theory is dependent mainly on porosity and zeta potential. 
The value of kg has been assumed to be constant during the electrokinetic process as 
long as there is no change in the concentration of ions or pH of the pore fluid. This 
assumption was bad in the studies reported by Gray and Mitchell (1967), Lorenz 
(1969), and Hunter (1981).
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Figure 3.1: A Comparison of pH and Conductivity Profiles Across A Specimen (Acar 
et al. 1992b)
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Figure 3.2: Electrical Potential Profile Across A Specimen in Removal Test 
(Hamed 1990)
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Extensive research has been carried out on the zeta potential of the glass-water 
interface. There is a good qualitative agreement in the results of different studies. 
Hunter (1981) in an extensive summary of theoretical and experimental treatise of 
the zeta potential in colloid science, displays the effect of pH and ion concentration in 
the pore fluid on zeta potential. Figure 3.3 shows that the zeta potential decreases 
linearly with the decrease of logarithm of electrolyte concentration (Kruyt 1952; 
Hunter 1981) and/or the pH of the soil medium. The effect of electrolyte chemistry 
on zeta potential could therefore represented by (Kruyt 1952),
 ^ =  A — B  log Co (3.7)
where A, and B  are two constants that are evaluated experimentally, and Co (M/L^) 
is the total electrolyte concentration.
It is hypothesized that the drop in pH of the soil due to electrokinetic processing 
will cause a decrease in the coefficient of electro-osmotic permeability associated with 
the drop in zeta potential; hence, the electroosmotic flow will start to decrease and 
eventually stop at later stages of the process. The results of Acar et al. (1989), 
Hamed et al. (1991), and Acar et al. (1993) demonstrate the decrease and cessation 
of electroosmosis upon continued testing. Consequently, the fcg value determined in 
one-dimensional tests is time-dependent and controlled by the chemistry generated 
at the electrodes.
3.3.1.3 Total Fluid Flux
Adding Equation 3.3 and Equation 3.4, the total fluid flux, is given by,
J«; =  kh V (—/i) -f ke V (—E) (3.8)
The total one-dimensional fluid flux is,
, 9h , dE
~ a i  ~
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Figure 3.3: The Effect of pH and Ion Concentration on Zeta Potential of Colloidal 
T iÛ 2 (i.e.p is the isoelectric point) (Hunter 1981)
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3.3.2 Mass Flux
Mass flux of different chemical species relative to pore fluid is a consequence 
of different coupled potential gradients. Ilydrodyriarrac dispersion is mass transport 
due to a chemical concentration gradient. Migrational mass flux is mass transport 
of charged species due to an electric potential gradient. Filtration or ion sieving is 
mass (or species) transport due to a hydraulic gradient (Groenevelt and Bolt 1969). 
Filtration is neglected in this study because it occurs only in soils with very fine 
pores where the resistance against passage of water molecules is much smaller than 
that for dissolved larger molecules. Total mass flux of dissolved species also includes 
the advective component due to species transport by the flowing fluid.
3.3.2.1 Fick’s Law of Diffusion
Hydrodynamic dispersion, the phenomenon of mass transport of chemical species 
due to a concentration gradient, is a result of two basic phenomena; mechanical dis­
persion and molecular diffusion. While mechanical dispersion occurs as a result of 
velocity variation within the porous medium, molecular diffusion is mass transport 
due to the difference in thermal kinetic energy of the molecules. Perkins and John­
ston (1963), Bear (1972), and Rowe (1987) indicate that mechanical dispersion is 
a significant mechanism in contaminant transport in ground water because of the 
relatively high hydraulic conductivity and advective hydraulic flow in such deposits 
(higher than 1.0 * 10“  ^ cm fsec).  On the other hand, molecular diffusion is the pri­
mary process that controls hydrodynamic dispersion in clay deposits due to the low 
advective hydraulic flow in these deposits.
The diff’usive mass transport of chemical species in a saturated soil medium 
under chemical concentration gradients is described by Fick’s first law,
Jf = A* V (-c .) (3.10)
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where 3 f  {ML~'^T~^) is the diffusive mass flux of the zth chemical species per unit 
cross sectional area of the porous medium, c, {ML~^) is the molar concentration of 
the zth chemical species, and O' is the effective diffusion coefficient of the
ith chemical species. The effective diffusion coefficient in the porous medium, Z),*, 
is related to the respective diffusion coefficient in free solution, .0,, by (Bear, 1972; 
Gillham and Cherry, 1982; Shackelford and Daniel, 1991),
D* =  Di T n (3.11)
where r {L^jL'^) is an empirical coefficient accounting for the tortuosity of the 
medium. Values of r span over a wide range for different saturated and unsatu­
rated soils. Experiments are often necessary to determine its value for a specific 
soil type. Shackelford and Daniel (1991a) have summarized various values of r for 
different soil types reported by various authors (Table 3.2). These values are as low 
as 0.01 and as high as 0.84, mostly ranging between 0.2 to 0.5.
Diffusion coefficients for different ions at infinite dilution have been evaluated 
and reported by various authors. Tables 3.3 and 3.4 present absolute values of diffu­
sion coefficients for representative cations and anions attained under ideal conditions. 
Many factors might affect the molecular diffusion coefficient such as the electroneu­
trality requirement, concentration, and electrolyte strength (Shackelford, 1991). 
Irreversible thermodynamics could be used to evaluate molecular diffusion coeffi­
cient for a single ion with respect to a counter ion in a single electrolyte. Utilizing 
preservation of electrical neutrality, molecular diffusion for a single electrolyte, D„, 
is evaluated as,
where D+ and D -  are the diffusion coefficients of the particular cation and anion, 
respectively, and and z_ are the charges of the cation and anion, respectively. 
Table 3.5 shows representative diffusion coefficients for single electrolytes. Limited
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Table 3.2: Representative Tortuosity Factors (Adapted from Shackelford and Daniel 
1991)
Soil Tracer Saturation r
50% SaadrBentonite Mixture 36CI Saturated 0.08-0.12
BentoniteiSand Mixture 36CI Saturated 0.04-0.49
Bentonite:Sand Mixture 36CI Saturated 0.59-0.84
Silt Loam 36CI Unsaturated 0.05-0.55
Sand 36CI Saturated 0.28
Loam 36QI Saturated 0.36
Clay 3GCÎ Saturated 0.31
Clayey TiU c i - Saturated 0.15
Silty Clay CÎ- Saturated 0.13-0.3
Silty Clay c i - Saturated 0.1
Sandy Loam c i - Unsaturated 0.21-0.35
Silty Clay Loam; Sandy Loam c i - Saturated 0.08-0.22
Kaolinite C l- Saturated 0.12-0.5
Smectite Clay C l - Saturated 0.07-0.24
Clay C l - k S O l - Saturated 0.55
Silty Clay Loam; Sandy Loam B r - Saturated 0.19-0.3
Kaolinite B r - Saturated 0.15-0.42
Smectite Clay B r - Saturated 0.08
Sandy Loam B r - Saturated 0.25-0.35
Bentonite:Sand Mixtures Saturated 0 .01- 0.22
BentoniteiSand Mixtures Saturated 0.33-0.7
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Table 3.3: Absolute Values of Diffusion CoefBcients and Ionic Mobilities for Repre­
























H o ^ 5.89 68.7
Cation £ > j x l O ®
crrP/sec







N H t 19.57 76.2













u o l + 4.26 33.2
y 3 + 5.50 64.2
Yb^+ 5.82 67.6
ZrP'^ 7.03 54.7
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Table 3.4; Absolute Values of Diffusion Coefficients and Ionie Mobilities for Repre­






A u {C N ) l 9,59 37.3
B{CeHs)7 5.59 21.8
B r - 20.80 80.9
Br^ 11.45 44.6
BrO ^ 14.83 57.8
c i - 20.32 79.1
CIO2 13.85 53.9
CIOs 17.20 66.9
CIO : 17.92 70.4
C N - 20.77 80.8
9.23 74.6
Co(CAr)#- 8.78 102.5
C rO |- 11.32 88.1
F~ 14.75 56.4
F e {C N ) t - 7.35 115.0
F e{C N )l~ 8.96 104.7
H sA sO : 9.05 35.2
H c o : 11.85 46.1
H F : 19.97 77.7
H P O l~ 4.39 59.1
H s P o : 8.79 34.2





H S - 17.31 67.4
H s o : 13.31 51.8
H s o : 13.31 51.8
H sS b o : 8.25 32.1
I - 20.45 49.6
1 0 : 10.78 42.0
1 0 : 14.51 56.5
N ( C N ) : 14.51 56.5
n o : 19.12 74.4
AfOa 19.02 74.0
N H 2S O : 12.86 50.4
n : 18.37 71.5
O C N - 17.20 66.9
0 H - 52.73 205,8
p f : 15.15 59.0
POzF^- 8.43 65.6
p o t 6.12 71.5
p ^ o t 6.39 84.3
7.42 86.6
P3 0 1 : 5.81 113.0
R eO : 14.62 56.7
S C N - 17.58 68.4
S e C N - 17.23 67.0
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research is encountered for multicomponent diffusion coefficient of a solution of more 
than one electrolyte. Multicomponent diffusion describes ion diffusion due to coupled 
concentration gradients of other ions present in the solution.
Shackelford and Daniel (1991b) investigated the effective diffusion coefficients, 
D*, of different inorganic chemicals in compacted clay. Their results demonstrate 
that molding water content and compaction methods have little effect, if any, on 
the effective diffusion coefficients. Generally, changing molding water content in 
compaction tests results in significant changes in the compacted soil microstructure 
(Mitchell 1993). According to the results by Shackelford and Daniel (1991b) the 
change in compacted clay microstructure due to different molding water contents 
will have little effect on the effective diffusion coefficient of different chemicals.
3 .3 .2 .2 M ass F lu x  b y  Ion  M igration
The migrational mass flux of the free ionic species in the soil pore fluid due to 
the applied electric field is given by,
Jf =  u- Ci V { - E )  (3.13)
where J® the migrational mass flux of the ith species, and u*
is the effective ionic mobility of the fth species. The effective ionic mobility, u*, de­
fines the velocity of the ion in soil pores under unit electric field. There is no method 
yet devised to directly measure the single ionic mobilities (Koryta 1982); however, 
u* can be estimated theoretically by zissuming that the Nernst-Townsend-Einstein 
relation between the molecular diffusion coefficient, and u,-, holds for ions in the 
pore fluid of soils (Holmes, 1962);
u'i =  nrui =  (3.14)
where u,- is the ionic mobility of species i at infinite dilution, z, is the charge of the 
ith species, F  is Faraday’s constant (96,485 CIm ol electrons), R  is the universal gas
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Table 3.5: Limiting Free-solution Diffusion Coefficients for Representative Simple 
Electrolytes at 25°C (Shackelford and Daniel 1991)
Electrolyte AxlO® 
cm? ! sec
H C l 33.36
H B r 34.0
LiCl 13.66
L iB r 13.77
N a C l 16.10
N a B r 16.25
N a l 16.14
K C l 19.93
K B r 20.16
K I 19.99
C sC l 20.44
C a C k 13.35
B a C h 13.85
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constant (8.3144 J /K .m o l) ,  and T  is the absolute temperature. Note that each of 
Ui in this case has a value and a sign that reflects the charge of species i (i.e. the 
ionic mobilities and effective ionic mobilities, u,- and u* will have negative values for 
anions and positive values for cations). The signs are included in the ionic mobilities 
of cations and anions to simplify the mathematical equations. Tables 3.3 and 3.4 
present absolute values of ionic mobilities for representative ions at infinite dilution.
3.3.2.3 Advective Mass Flux
The other important mechanism of species flux is advection by the soil pore
fluid. The advective mass flux of species i relative to the soil particles is,
J r  =  c, (3.15)
3.3.2.4 Total Mass Flux
Adding Equations 3.10, 3.13, and 3.15, the total flux is given by;
Ji =  V (—c,) +  c, (uj -\r kg) V (—F ) +  Ci kfi V (—A) (3.16)
For one-dimensional applications, the total mass flux of species i is given by,
Ji =  -  DT ^  -  c, (uT +& .) g  _  q . 6 ,  ^  (3.17)
This equation demonstrates that the electrical gradient has two transport compo­
nents, ion migration and electroosmotic advection. It also explains that for cations 
both components will act in the same direction since the values of u“ and kg have 
the same algebraic sign; however, for anions these components will act in opposite 
directions since u* is negative for anions while kg is positive. Figure 3.4 conceptual­
izes the transport mechanisms of positively charged and negatively charged species, 
from a soil mass with Cg initial concentration, due to the different potential gradients 
given in Equation 3.16.















Figure 3.4: A Schematic Diagram of Concentration Profiles in Transport of (a) Pos­
itively Charged and (b) Negatively Charged Species
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3.3 .3  C harge F lux
Applying a DC potential across a soil-water-electrolyte medium generates an 
electric field causing charge transport. Figure 3.5 shows a schematic diagram of the 
mechanisms by which charge is transported through a soil-water-electrolyte medium. 
7 paths are identified in Figure 3.5 for charged transport through saturated clay; these 
are (a) through soil solids, (b) soil solids/diffuse double layer, (c)diffuse double layer, 
(d) diffuse double layer/free pore fluid, (e) pore fluid, (f) pore fluid/soil solids, and 
(g) soil solids/pore fluid/diffuse double layer. These charge transport mechanisms 
are based on the assumption that the soil pores are interconnected and, at the same 
time, the soil solids are interconnected, with at least several continuous paths that 
connect the medium pores from one side to the other and several continuous paths 
that connect the soil solids from one side to the other. This assumption is made 
to make it possible for the electric charge to move from one side of the medium to 
the other, either through the pore fluid and/or through the soil solids. Furthermore, 
charge transport through the soil pore fluid is divided into two components, one due 
to the migration of the counter-ions and co-ions of the diffuse double layer and the 
second is due the migration of the free ions present in the free pore fluid.
The contribution of each path on charge transport vary widely for different 
types of soil-water-electrolyte mediums. With the assumption that soil solids are 
non conductors, a simplified model that accounts for only charge transport through 
the diffuse double layer and pore fluid (paths ç  and e respectively) is shown in Figure 
3.5 (ii). Figure 3.5 (iii) represents these components by an electric circuit. Only when 
the soil pore fluid has a relatively high ionic strength, the contribution of the free pore 
fluid dominates the other charge transport mechanisms. To simplify the calculations 
below, the contributions of the soil solids and the diffuse double layer ions on charge 
transport are neglected.




























Figure 3.5: A Schematic Diagram of Possible Paths of an Electric Charge Through A 
Soil-Water-Electrolyte Medium (i) All Possible Paths, (ii) Simplified Case Account­
ing Only for the DDL and Pore Fluid, and (iii) Electric Circuit For Case (ii)
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3 .3 .3 .1  M igration al C harge F lu x
The simplest form of electrical conductance of the soil is governed by Ohm’s law 
describing the current density (charge transport) in the pore fluid due to electrical 
gradients,
I  =  a* V ( - E )  (3.18)
The migrational charge flux can be related to the migrational mass flux of species 
by using Faraday’s law for equivalence of mass flux and charge flux,
r  =  E  % F  J '  (3.19)
i = l
Substituting Equation 3.13 into Equation 3.19, the migrational charge flux is given 
by,
r  =  E  F  4  Cj V ( - E )  (3.20)
3 =  1
Comparing Equation 3.20 with Equation 3.18, and assuming that the migra­
tional charge flux is equal to the total charge flux, the effective electrical conductivity
of the soil bulk due to migrational charge flux is evaluated by,
N
a* =  E  ^  "j c,. (3.21)
3= 1
3 .3 .3 .2  T ransport N u m b er
Analogous to the total current density, the partial current density that repre­
sents the contribution of the ith charged species to the overall current density. I,-, is 
evaluated by applying Faraday’s law of the equivalence of mass and charge,
I, =  F Z{ J,- =  F  Zi u* Ci V (—E) (3.22)
Constant current has been used in most experimental work at Louisiana State 
University on electrokinetic soil processing. Therefore, from Equation 3.18, the elec­
tric gradients will change depending upon the bulk electrical conductance of the 
soil.
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V ( - E )  =  1  (3.23)
Substituting Equation 3.23 in Equation 3.22
I, =  I =  t, I (3.24)
cr*
where t, is the transport (or transference) number of the ion i, giving the contribution 
of the z'th ion to the total effective electric conductivity,
The transport number of the fth ion thus depends on its ionic mobility, its con­
centration, and the total electrolyte concentration (or the electrolyte ionic strength). 
Table 3.6 lists examples of transport numbers for cations in a single electrolyte solu­
tion. It should be noted that the summation of transport numbers of all ions in the 
soil pore fluid is equal to one,
=  1 (3.26)
The transport number of a specific species will increase as the ionic concentra­
tion of that species increases. This implies that when a concentration of a species 
decreases relative to the total electrolyte concentration in the pore fluid, its trans­
port number and removal under electric currents will be less efflcient. Therefore, it is 
reasonable to assume that the efficiency of removal of a specific species will decrease 
in time as its concentration in the pore fluid decreases.
3 .3 .3 .3  D iffusional C harge flux
Similar to the migrational charge flux, the diffusional charge flux due to the diffu­
sional mass flux of charged species is evaluated using Faraday’s law of the equivalence 
of mass flux and charge flux,
I '  =  E  4  (3.27)
i = i
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Table 3.6: Transport Numbers of Cations at Various Concentrations (Koryta and 
Dvorak, 1987)
Electrolyte
0 0.01 0.02 0.05 0.1 0.2
H C l 0.8209 0.8251 0.8266 0.8292 0.8314 0.8337
C H sC O O N a 0.5507 0.5537 0.5550 0.5573 0.5594 0.5610
C H sC O O K 0.6427 0.6498 0.6523 0.6569 0.6609 -
K N O 3 0.5072 0.5084 0.5087 0.5093 0.5103 0.5120
N H 4CI 0.4909 0.4907 0.4906 0.4905 0.4907 0.4911
K C l 0.4906 0.4902 0.4901 0.4899 0.4898 0.4894
K I 0.4892 0.4884 0.4883 0.4882 0.4883 0.4887
K B r 0.4849 0.4883 0.4832 0.4831 0.4833 0.4841
AgN O z 0.4643 0.4648 0.4652 0.4664 0.4682 -
N a C l 0.3963 0.3918 0.3902 0.3876 0.3854 0.3821
L iC l 0.3364 0.3289 0.3261 0.3211 0.3168 0.3112
C a C k 0.4380 0.4264 0.4220 0.4140 0.4060 0.3953
\ K 3SO 4
iL a C h
0.386 0.3848 0.3836 0.3829 0.3828 0.3828
0.479 0.4829 0.4848 0.4870 0.4890 0.4910
0.477 0.4625 0.4576 0.4482 0.4375 0.4233
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Substituting Equation 3.10 in Equation 3.27,
I ' =  Z  % F  C ; V (-c^ ) (3.28)
j
3.3.3.4 Advective Charge Flux
Applying Faraday’s Law to advective mass flux will result in the advective charge
flux,
JL c
r  =  F  —  (3.29)
j  ^
Employing the preservation of electrical neutrality,
N
E  C; Z; =  0 (3.30)
i = l
Accordingly there is no contribution of the advective fluid transport in charge trans­
port (I*" =  0).
3.3.3.5 Total Charge Flux
The resulting total, migrational and diffusional, charge flux is,
N
1 = F  ^  Zj D]  V (-C j) +  a* V ( -E )  (3.31)
i = i
For one-dimensional applications, the total charge flux is given by,
/ =  - F g  -  < 7 - ^  (3.32)
3.4 Conservation o f M ass and Charge
There are two approaches in describing the position variable in a system; the 
Lagrangian approach and the Eulerian approach. In the Lagrangian approach the 
coordinates of a moving particle are represented as a function of time ( this approach 
describes the history of individual particles, material coordinates). On the other 
hand, the Eulerian approach describes the flux changes by referring to specific points
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that are fixed in space (spatial coordinates). The Eulerian approach, used in this 
formulation, requires a definite fixed volume in space that has an arbitrary shape, 
termed as the control volume (Bear 1972). The boundaries of the control volume 
always form a closed surface in space. Though the flux of matter in a control volume 
may change with time, the shape and position of the control volume must remain 
fixed.
Consider a finite control volume of dimensions A x, Ay, A z, around a point 
0 ( x ,  y, z)  in the porous medium. The change in amount of matter or energy trans­
ported through a control volume could be described by,
-  V  • J -b R  (3.33)
where 72 is a source/sink term. Principles of conservation of matter or energy require 
that the Term 3.33 equals the amount which matter or energy are stored in the control 
volume during A t  time. Consequently, time-dependent equations for conservation 
of mass, charge, and energy are used to develop the partial differential equations 
for transient changes in hydraulic head, electric potential, and concentration of the 
chemical species presented in the pore fluid.
3.4.1 Soil Consolidation
Applying the conservation equation to fluid flux in a saturated soil medium 
(Terzaghi’s consolidation theory),
^  =  -  V-Ju,  (3.34)
where e„ is the volumetric strain of the soil mass. In consolidation of fine-grained 
soils the volumetric strain is equivalent to the change in void ratio per unit volume,
ôe„ 1 de
d t  I +  e dt (3.35)
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where e is the void ratio. The change in void ratio, 9e, due to the increase in effective 
stress is,
de =  — ÜU da' =  üy du (3.36)
where a„ is the coefficient of compressibility, u is the pore water pressure, and a' is 
the effective stress. Substituting Equation 3.36 in Equation 3.35,
t  I
where, rriy is the coefficient of volume compressibility. Substituting (u =  fe7u,), the 
consolidation Equation is given by
—  =  — V-Ju,  (3.38)
3.4.2 Conservation of Mass
The partial differential equation describing transient mass transport of species 
i is developed by applying the law of mass conservation of species z,
^  =  -  V  • J< +  nRi  (3.39)
where, i?,- {ML~^T~^) is the production rate of the ith aqueous chemical species 
per unit fluid volume due to chemical reactions such as sorption, précipitation- 
dissolution, oxidation/reduction, and aqueous phase reactions.
3.4.3 Conservation of Charge
Applying conservation of charge to the charge flux equation, 
dT
- ^  =  - V - I  (3.40)
where Te is the volumetric charge density of the soil medium {CL~^). The electric 
potential is related to the volumetric charge density by.
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^  (3 .41)
where C-p has the units of the electrical capacitance per unit volume { fa r a d  L~^) 
and measures the ability of soils to hold electric charge. Substituting into Equation 
3.40,
C , ^  =  - V - I  (3.42)
3 .4 .4  C h em ica l R eaction s
Equation 3.39 may be simplified by expanding the production term, i2,-, to 
account for sorption reactions (surface complexation and ion exchange), aqueous 
phase reactions and precipitation/ dissolution reactions,
Ei  =  Ef  +  +  Ef  (3.43)
where Ef  is a term for sorption, similarly Ef^ is a term for aqueous phase reactions 
and Ef  for precipitation/ dissolution reactions. Two approaches have been developed 
and used in the literature to describe chemical reactions; instantaneous equilibrium 
approach and kinetics approach. In instantaneous equilibrium reactions, be it sorp­
tion, precipitation/dissolution, or aqueous phase reactions, species concentrations are 
assumed to reach equilibrium instantaneously whereby in kinetic reactions approach 
concentrations in solution are assumed to be time dependent and change before they 
reach chemical equilibrium.
For several species, chemical reactions, specially precipitation/ dissolution and 
sorption reactions, have been found to vary with time before reaching equilibrium. It 
may be more appropriate to use kinetics approach to model these reactions; however, 
this will unduly complicate the modeling effort and it will require an independent 
investigation of each kinetics. Furthermore, chemical reactions involved in this study 
are expected to reach equilibrium at a very short time. Sorption reactions in low
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activity soils and precipitation/dissolution reactions of heavy metals in solutions 
often take minutes to reach chemical equilibrium. On the other hand, transport 
processes of these chemical species in fine-grained deposits under electric, hydraulic 
and chemical gradients are slow compared to the rate of sorption or precipitation 
reactions. Consequently, the ratio of the rate of chemical reactions to the rate of 
transport of heavy metals in low activity fine-grained deposits is expected to be 
high enough to satisfy the assumption of instantaneous equilibrium for these chemical 
reactions.
3.4.4.1 Sorption Reactions
The following general term has been widely considered for evaluation of sorption 
of species on the soil particles,
=   "
where p is the bulk dry density of the soil, s,- is the adsorbed concentration of the 
component i per unit mass of the soil solids (mole/M ). The reversible term (dsi /dt )  
is often used to describe the sorption rate. The equilibrium partitioning between the 
adsorbed phase and the aqueous phase of the chemical components are commonly 
measured under controlled temperature and applied pressure, and the resulting cor­
relations of Si versus c,- are called adsorption isotherms. Several equilibrium models 
(linear, Freundlich, and Langmuir models ) have been used to describe sorption of 
heavy metals on soils. Assuming instantaneous equilibrium in sorption reactions 
and linear isotherms, the change in concentration of the sorped phase of species i is 
linearly related to the change in concentration of the aqueous phase,
0 ^  =  Kdi (3.45)
where Kdi is called the distribution coefficient, Kd-, of species i. A retardation factor, 
Rd,-, have been introduced and used in modeling species transport accounting for
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linear sorption as,
Rdi =  1 +  ^  (3.46)
n
The retardation factors of species z, Rdi, define the relative rate of transport of a 
nonsorped species to that of a sorped species. For a nonsorped species , Rd  =  1.
Recently other methods have been used to account for R\  in contaminant trans­
port equations because the previous method ignores the effect of pH, ionic strength, 
redox reactions, competitive adsorption, and the mechanism of adsorption. These 
methods include isotherm equations, mass action models, and surface complexation 
models proposed by Langmuir (1987) , Kirkner and Reeves (1988), Yeh and Tripathi 
(1989), Mangold and Tsang (1991), and Selim (1992), among others.
3.4.4.2 Aqueous Phase Reactions
In the following formulation, it is assumed that the N  number of chemically 
reactive aqueous species is divided into Nc number of components and number of 
complexes. In aqueous phase reactions, any complex j  is the product of z’s reactants 
components, i.e.:
Nc
Ujt  ^  ^ J  — 1,...., Aj, (3.47)
1=1
where cf is the chemical formula for component z, ï j  is the chemical formula for the 
complex j ,  üji is the stoichiometric coefficient in complex j  for component z. The 
law of mass action implies that:
Nc
;  =  1 , .............................................................................. (3.48)
1 = 1
where A'J’ is the equilibrium constant for aqueous reaction j .  From Equation 3.47, 
the rate of accumulation of component z due to aqueous reaction j ,  Rj f ,  is:
=  -  ajiR^ (3.49)
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where Rj is the rate of accumulation of complex j  due to the chemical reaction j .  
The total rate of accumulation of component i due to all aqueous reactions, R“’ , is;
(3.50)
i=i j=i
Consequently, evaluation of requires evaluation of Nx number of Rj [ j  =  1, Nx) 
and therefore, Nx number of equations is required. These equations are obtained from 
Equation 3.50 for j  =  1 , Nx- Note that Equation 3.48 requires known values of the 
equilibrium constant for j  =  l,..Nx-
3.4.4.3 Precipitation/D issolution Reactions
Bench-scale studies conducted at Louisiana State University involving removal 
of Cd '^  ^ and uranium by electrokinetics have shown that these metal
ions precipitate close to the cathode at pH values corresponding to their hydroxide 
solubility. It is necessary to account for the precipitation/dissolution reactions in 
the formulation of mass transport equations. In precipitation reactions, the chemical 
components are assumed to be composed of products,
Nc
Pj <— >• ;  =  l , . . . . ,Np (3.51)
1 =  1
where ^  is the chemical formula for precipitate j ,  bji is the stoichiometric coefficient 
in precipitate j  for component i, and Np is the number of precipitates for component 
i. The production of the precipitate will not occur until the solution is saturated. 
Therefore, the law of mass action is written as,
j  =  h - . , N p  (3.52)
where is the solubility product equilibrium constant for precipitate j .  By the 
same rationalization of previous formulations, the total rate of production of com­
ponent i due to precipitation/dissolution reactions, R^, is.
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=  E  =  -  E  6;. A? (3.53)
j = i  i = i
where R^ j is the rate of accumulation of component i due to precipitation reaction j  
and is the rate of production of precipitate j .
Similar to the case of the aqueous phase reactions, evaluation of requires 
evaluation of Np number of Rj .  Np equations for this case are obtained from Equation 
3.52 for j  =  l , . . ,Np.  Solubility product equilibrium constants are available for 
any jth  precipitation/dissolution reaction.
3.5 General System  for M odeling Species Transport
The theoretical formalism presented in this chapter results in a mathematical 
system of equations describing the transient reactive coupled multicomponent species 
transport under hydraulic, electric, and chemical gradients. The resulting system  
consists of differential equations for transport processes and algebraic equations for 
chemical reactions. The objectives of this study involve one-dimensional application 
of electrokinetic soil processing, therefore, the formulations are summarized in this 
section only for the one-dimensional transport of matter and energy.
The differential equations describing transport of N  number of chemical species 
are obtained by substituting the total mass flux. Equation 3.17, in Equation 3.39, 
which describes conservation of mass. The resulting one-dimensional equation is.
dnci ,
“a r  =
dci
+  nRi (3.54)
for i =  1 , 2 , ......,N .
Note that for the case of nonreactive solute transport (/?,• =  0), steady state 
fluid flux {dhfdx  =  const.) and no electrical gradient. Equation 3.54 becomes.
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Usually, the advective fluid flux under hydraulic gradients is referred to by the ad­
vective velocity, u, i.e.,
V  =  — k h  —  (3.56)
ox
Substituting the advective velocity in Equation 3.55,
< - >
which is the diffusive advective solute transport equation widely used to describe 
nonreactive solute transport.
Changes in the electric potential distribution across the soil as a result of changes 
in the chemistry of the soil pore fluid is formulated by substituting the charge flux 
equation in the charge conservation equation (Equation 3.32 in Equation 3.42),
+  +  (3.58)
where, the soil effective electric conductivity, a*, and its gradient are evaluated by,
N
cr* =  F  Z j  Cj  u*j (3.59) 
i = i
Assuming zero electrical capacitance (Cp =  0),
^  4 .  ^  4 .  ^
dx"^  dx"^  dx dx
+  +  (3.61)
1 =  1
Note the fact that Equation 3.61 gives the relation between electrical and concentra­
tion gradients.
As to fluid transport, substituting the fluid flux equation (Equation 3.9) in 
Equation 3.38 and considering only one-dimensional conditions.
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The total number of differential equations which describe by this system are n + 2  
which are n equations for species transport, one equation for charge conservation, 
and one equation for soil consolidation. The unknowns described in this system are 
n species concentrations c,-, one electric potential E , one hydraulic potential A, and 
n unknowns for the rate of i  chemical reactions. Therefore 2n +  2 unknowns are 
described by n +  2 differential equations. The other n number of equations required 
for this system are the mass balance equations for the chemical reactions.
3.5.1 Initial and Boundary Conditions
Differential equations describing any physical oystem require initial and bound­
ary conditions to develop the required solution. Initial value differential equations 
require initial conditions while boundary value problems require boundary condi­
tions. First order boundary value problems demand one boundary condition, second 
order boundary value problems demand two boundary conditions, and so on.
The resulting partial differential equations describing the coupled transport of 
matter and energy are initial-boundary value equations. Initial condition and two 
boundary conditions are necessary for every transient transport differential equation 
present. Initial conditions for every dependent variable (or potential) are evaluated 
according to the initial state of potential and/or potential gradient distribution. 
Different types of boundary conditions can be specified for solution of the trans­
port differential equations; these are Dirichlet boundary conditions, homogeneous 
boundary conditions, mixed boundary conditions, and Neumann boundary condi­
tions (Zwillinger 1989). The type of boundary conditions used differ from one case 
to another.
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3.5.2 P reservation  o f  E lectrica l N eu tra lity
According to Faraday’s law for the equivalence of mass and charge, the rate of 
change in the electric charge for a unit volume of the soil medium equals to the total 
rate of change of chemical species concentrations, times their charge, times Faraday’s 
constant,
(3.63)
Preservation of electrical neutrality requires that the rate of change of the electric 
charge per unit volume must equal zero.
Substituting Equation 3.39 in Equation 3.63,
^  8 n r  ^
=  -  E ^ iF V  J i +  (3.64)
J = 1  ; = 1  j = l
The total rate of change of all chemical species under chemical reactions times their
charge is zero,
N
=  0 (3.65)
i = i
In other words, for any chemical reaction,
A 4— . m B +‘ + /£ > -’" (3.66)
one mole of A  will produce m moles of B'^ ‘ and I moles of The total change
in B'^ ‘ concentration times its charge is ( m moles of B'^ ‘ x (+/)  ) =  ml. The total 
change in concentration times its charge is ( I moles of x (—m) ) =  —ml. 
Therefore, the total change in electric charge is ml — ml =  0.
For one dimensional applications, substituting Equation 3.17 for mass flux of 
species i and Equation 3.65 in Equation 3.64,
*  S-'ë (3.67)
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(T* =  F Zj Cj Uj  (3.69)
i = i
p-™>
Equation 3.68 is therefore described by
+ ' " g  + < » ')
However, Equation 3.61, already describes the right hand side of Equation 3.71 to 
be equal to zero. Therefore,
^  Fine
=  0 (3.72)
In other words, the change in chemical concentration of species present in the soil 
pore fluid due to different transport mechanisms will occur in a way to preserve the 
electrical neutrality. Theoretically, preservation of electrical neutrality results from 
redistribution of the electrical potential across the sample. The electrical potential 
undergoes a change in its distribution to account for the electrical potential compo­
nent that results from the concentration gradients of the charged chemical species. 
This implies that the electrical gradient is not described by Ohm’s law any more, but 
includes a diffusional component that is a result of concentration gradients within 
the soil pore fluid. Failure to account for diffusional charge flux in charge transport 
equation results in failure to preserve the electrical neutrality.
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3.6 M odeling A c id /B a se  D istribution
The effect of soil acidity or alkalinity, represented by the soil pH, is significant 
in heavy metal-soil interactions and sorption. Changes in soil pH influence sorption 
reactions in various ways. Literature reviewed in soil science and colloid chemistry 
demonstrates that surface charge, and therefore cation exchange capacity, increases 
with increasing soil pH resulting in different sorption characteristics. (Pratt 1961; 
Lorenz 1969; Hunter 1981; Maguire et al. 1981; Stumm 1992). Different sorption 
characteristics might be attributed to changes in the soil cation exchange capacity. 
Furthermore, sorption by ion exchange is dependent on the availability of various 
cations competing to balance the surface charge on clay particles. At low pH values,
ions, behaving like polyvalent ions, will replace adsorbed metals by ion exchange. 
The rates of ion exchange reactions are dependent on ion concentration, pH, and the 
selectivity coefficient of each ion.
As described elsewhere, application of direct electric current through a soil mass 
oxidizes the water at the anode, generating a local acidic medium, and reduces the 
water at the cathode, generating an alkaline medium. Accordingly, soil pH decreases 
at the anode and increases at the cathode. Furthermore, the acid front at the anode 
will advance towards the cathode with time by the different transport mechanisms 
discussed. The changes in the soil pH will greatly influence the soil-water-electrolyte 
interactions and consequently contaminant transport and removal. It is therefore 
essential to model the changes in soil pH in modeling contaminant transport and 
removal.
Utilizing the theoretical development described earlier for species transport and 
interactions, a system of partial differential equations and algebraic equations is 
developed for modeling soil pH. The differential equations are for transport of 
ion, 0 H ~  ion, pore fluid, and charge. The algebraic equations account for the water
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electrolysis reaction. All equations are nondimensionlized in distance by the following 
transform,
=  I  §  =  Î
where L is the spacing between the anode and cathode. The anode is at % =  0 and 
the cathode is at Af =  1.
3.6.1 Transport
Ion migration, advection, and diffusion are the processes considered in mod­
eling transport in this study. The differential equation describing one-dimensional 
transport of hydrogen ion is therefore described by,
'u'h + h \  d^E h  d^hdncH f D h \  '^
”  dt  \ L ^ )  dX^ V dX^
dcH
d X
u'h +  K \  d E  kh dh
7  To a V -  (3.74)T2 J d X  12 d x  
Boundary conditions for the hydrogen ion transport equation are developed from 
electrolysis reactions at the anode. The flux of at the anode has two components, 
the first is due to the advective flow and the second is due to the electric current.
•^ I^a'=o ~  F  (3.75)
where c% is the concentration of at the anode compartment. The electroosmotic 
advective flux at the anode will carry i/"*" ions generated at the anode into the soil. 
The first term on the right hand side of Equation 3.75 describes the advective mass 
flux of hydrogen ion which is equal to the advective fluid flux times the concentration 
of hydrogen ion at the anode. In the second term, it is assumed that all applied 
current at the anode will be efficient in generation of by the following water 
electrolysis reaction,
2 H2O -  4 e - — > 0 2  +  4 //+  (3.76)
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Consequently, the boundary condition for at the anode (A' =  0) is developed by 
applying Faraday’s law for equivalence of mass and charge to the rate of production 












The boundary condition for at the cathode (AT =  1), is
D*ff+ dcii-  ^ V}{+





3 .6 .2  OH  T ransport
Similar to i/"*", one-dimensional transport of 0 H ~  is expressed by,
dnc,OH
dt
-  f  ^ o h \  ,
I 12 j  q x 2  +
u:OH +  kf
L2
d'^E kh d^h
a %2 12 g %2
+
dciOH UQfj “t" ke\  d E  kh dh
7,2 d X  7,2 QX OH (3.80)
Boundary conditions for the 0 H ~  ion transport are developed from electrolysis re­
actions at the cathode. The flux of 0 H ~  at the cathode (A  =  1) also has two 
components, due to advective flow and due to the electric current,
I
J o h \x =1 =  COH Jw — (3.81)
Note in this case that the advective component of mass flux of 0 H ~  at the cathode 
is an outflow (negative), i.e. transporting from the soil to the cathode compartment. 
The difference between this condition and the condition at the anode is that the fluid 
flux at the cathode is multiplied by the concentration of 0 H ~  in the soil mass while 
at the anode it is multiplied by the concentration of 77+ of the anode compartment. 
However, it is assumed that the boundary condition at the cathode will be equal to
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that in the soil mass. In the second part of Equation 3.81, it is assumed that all 
applied current at the cathode will be efficient in generation of 0 H ~  by the following 
water electrolysis reaction,
i l h G  +  4e- — > 2 H2 +  AGH-  (3.82)
Again applying Faraday’s law to the rate of production of GH~ at the cathode 
(X  =  1) will result in.
Dqh , VoH
— d T"L2 d X
where.
and the following boundary condition is used for GH~  at the anode { X  =  0),
Dqh dcoH . VOH




One-dimensional electroosmotic soil consolidation is described by
m  _  ^
dt  L2 g x 2  +  rn^  ^2 
Hydraulic head difference between the cathode and the anode is controlled and 
kept at zero in the experiment conducted in this study. Boundary conditions for this 
equation are, therefore, constant hydraulic head at both the cathode and the anode,
h\x=o =  h\x=i =  0 (3.87)
3.6.4 Charge Transport Equation
Assuming that the soil medium has zero electrical capacitance, the one-dimensional 
electric potential distribution in time is given by,
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° I: (^) ^  m ^
Once again, the soil effective electric conductivity, a", and its gradient are evaluated
by,
N





Boundary conditions for charge conservation equation are developed from the 
current value at the boundary. The constant current applied throughout the exper­
iment would result in the following boundary conditions,
N
r? _ dcj (T* d E  1
- F  Y L2 d X  ■ L2 d x x=o
I
L
E\x=i =  0
3.6.5 Water Auto-Ionization Reaction
(3.91)
(3.92)
In aqueous solution water auto-ionization is an important reaction for /f"*" and 
0 H ~  ions.
H2O i— > / / + - ) -  OH- (3.93)
Therefore it is essential to incorporate this auto-ionization to model the soil pH. 
This reaction will generate equal number of moles of H'*' and 0 H ~  ^
A  ch =  A coh (3.94)
or,
=  %
Also, law of mass action for water ionization requires
(3.95)
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Ch Cou =  l' w^ =  10"^ '^  (3.96)
Six unknowns are defined for modeling soil pH, these are h, E, ch, cqhi Rhi  
and Rq h - Equations required for the solution are 4 transport partial differential 
equations (Equations 3.74, 3.80, 3.86, and 3.88) and two algebraic equations (Equa­
tions 3.95 and 3.96).
3.7 M odeling Lead Transport
Lead removal by electrokinetics is modeled in this study in an attempt to assess 
the principles of the technology and to check the validity of the theoretical model 
presented. Though various cations and anions might be present in the soil pore 
fluid at different concentrations, only four ions are included in this model. These 
are because it is the species of concern, iVOj since lead nitrate salt is used
for the experiment, and /f"*" and 0 H ~  because they are necessary in describing 
the acid/base distribution that has a great influence on the pore fluid chemistry. 
Four one-dimensional partial differential equations are formulated in describing the 
transport of these ions. Dramatic changes in the concentration of these ions will 
result in different chemical reactions. Chemical reactions included in this model are 
the reactions describing precipitation/dissolution of lead hydroxide {Pb{0 H ) 2), the 
water auto ionization reaction, and sorption reactions.
Other dependent variables included in the model are the changes in distribu­
tions of the electrical potential and the hydraulic head. The change in electrical 
conductivity across the soil as a result of continuous change of ionic strength of the 
pore fluid will lead to changes in the electrical potential distribution. The charge 
transport equation is used to model the changes in the electrical potential. Changes 
in electrical gradient distribution will develop nonlinear pore water pressures, re­
sulting in suction in this case, across the soil between the electrodes. Development
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of pore water pressure is modeled using the fluid transport equation, which is the 
electroosmotic consolidation equation based on Terzaghi’s consolidation theory.
Following the theoretical development presented earlier, a system of differen­
tial/algebraic equations is developed to model transport and removal of lead from 
kaolinite by electrokinetics. Boundary conditions for these equations are developed 
based on the changes in hydro-electro-chemical characteristics of the anode and the 
cathode. The anode is taken to be at X  =  0 and the cathode at % =  1.
3.7.1 Transport
The following equation is used to describe Pb' '^  ^ transport under hydraulic, elec­
tric, and concentration gradients.
dncpb ( D p b \
d t  ~ \ L ^ J  d X ^
+  Cpb
' f u-pb + K \  d'^E  h  d^ h  




‘‘P b d E  kh, dh 
d X  ^  1 ? ' ^ -  RÇb -  R h  (3.97)
Boundary conditions for the given partial differential equation are evaluated 
assuming that lead is not involved in electrolysis reactions at the cathode and the 
anode. Therefore, the mass fluxes of lead at the cathode and at the anode are equal 
its component in the advective mass flux.
X = 0
(3.98)
D p b  ^^Pb . -  
T  a x  +




Vpb =  -
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3 .7 .2  //■*■ T ransport
The differential equation describing transport is given by,





d E  kh dh
- (3.101)
The electrolysis reactions at the electrode are assumed to be the same as those 
defined in Section 3.5. Hence, the boundary condition given for and 0 H ~  trans­
port are the same as those defined for modeling soil pH in the previous section. For 
at the anode (% =  0 ),
D ’h+ dcH+ vh+ 
■ 12 QX  +  L
C?7 J,H
X=0 +  f Z
(3.102)
where.
vh+ =  -
Uh+ fee






and the boundary condition for at the cathode {X  =  1),
D ‘fj+ dcH+ vh+
' 12 QX  L
CH Ju (3.104)
X = L
The transport of //■*" through the soil towards the cathode will affect the sorption 
characteristics of lead on the clay surface, i/"*" is expected to replace the adsorbed 
lead by ion exchange and at the same time attack the clay surface and result in surface 
complexation that changes the electrical charge of the soil particle. Consequently, the 
transport of will be retarded due to sorption reactions (ion exchange and surface 
complexation). The rate of H'  ^ sorption or retardation has not been thoroughly 
investigated, however, a retardation factor, Rdn,  can be incorporated in the model to 
account for these sorption reactions. Evaluation of this retardation factor is presented 
in Section 7.3.1.
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3 .7 .3  O H  Transport
The transport equation for 0 H ~  ion is given by,
‘^ OH + ^ e \  d'^EdncoH (DojjXd^coH  . 




(uofj  + k e \  d E  h  dh
[  X2 )  d X  L2 g x
L2 d X \  
— Ron (3.105)
with the boundary conditions, at the cathode { X  =  1),
E qh . ’Vqh
L2 d X  L
and at the anode {X  =  0),
D qh 9coh , VOH 
12 d X  L
3 .7 .4  ivO j T ransport
CqH




C O H  J w (3.107)
A = 0
It is necessary to account for NO^  because it is present at high concentrations 
since lead nitrate salt is used in spiking the soil. The need to account for NO^  also 
arises to achieve electrical neutrality in the system. Like other charged species N O 3 
transport is given by.
dnc,■N
dt
-  ( £ 1 l \  ^  
I L2 J d X
(u'j  ^ + k e \  di^ E kh di^ h




u}f +ke ' \  d E  kh dh
â x  Z2 ^ (3.108)
with the boundary conditions.
Dn  dcN _
E n  . — 
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Note that since the global electrical neutrality is necessary (as shown in Sec­
tion 3.42) concentration of one of the species could be calculated from the equation 
requiring preservation of electrical neutrality. For example, since NO^  is the least 
reactive species among the species present, its concentration can be evaluated by,
cn =  -  ZjCj (3.112)
zn j=i
where i =  1,2, and 3 refer to and 0 H ~ .  Significant computation time
can be saved when this equation is used.
3.7.5 Soil Consolidation Equation
Once again, the soil consolidation equation describing the hydraulic potential 
distribution is given by,
dh _  c, d^h 1 d'^E
dt  L2 dx^  m , L2 dx^   ^ ’
with the boundary conditions,
A|x=o =  h\x=i =  0 (3.114)
3.7.6 Charge Transport Equation
As described before, the electric potential distribution in time is given by,
° ( ^ )  ^  + (B)





E\x=i  =  0 (3.117)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
105
3 .7 .7  C h em ical R ea ctio n s
Solution of lead transport and removal requires evaluation of the chemical re­
actions that might occur as a result of changes in the soil chemistry. As presented 
before, these chemical reactions are described by a set of nonlinear algebraic equa­
tions under the assumption of local equilibrium. Reactions included in this study 
are lead hydroxide precipitation/dissolution reaction, water auto-ionization reaction, 
and lead sorption.
I. Lead Hydroxide Precipitation/Dissolution
Pb{0H)2  <— > Pb^+ +  2 0 H -  (3.118)
Law of mass action for this reaction requires
^OH P^b ^  '^ P^b{0H)2 ~  2 .8 * 1 0  (3.119)
II. Water Auto-Ionization Reaction
H2O <—  ^ -t- O H -  (3.120)
Law of mass action for water ionization requires
Ch Coh =  I<w =  10~^“ (3.121)
III. Mass Conservation
Dissolution of 1 mole of lead hydroxide will generate 1 mole of and 2
moles of O H - . This means that the change in 0 H ~  molar concentration due to 
lead hydroxide dissolution/precipitation reaction is twice the change of Pb^^ molar 
concentration. At the same time the change in molar concentration of 0 H ~  due to 
water auto-ionization equals the change in molar concentration of Consequently, 
the total change in O H -  concentration due to both reactions is given by
A (coh) =  A (c//) d -2A(cpt) (3.122)
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or,
R o h  =  (3.123)
IV. Lead Sorption Reaction
Dissolved lead in the soil pore fluid is assumed to have the form of Ph' '^^  which 
is highly retarded and adsorbed by different types of clay, compared to other heavy 
metals, as presented in Table 2.2. Lead sorption characteristics are controlled by a 
number of variables, most importantly soil pH and lead concentration. Yong et al. 
(1990) describe lead adsorption isotherms at different pH values and concentrations 
for different types of clay. The results for lead sorption on kaolinite are used for 
this study to describe lead sorption at different pH and concentration. The following 
empirical relation is assumed to describe lead sorption on kaolinite,
spb =  0.27 Ppk { p H - I )  {— ) {207.2 * m O )  1.0 <  pH  < 4 .7  (3.124)
Pd
spb =  0 pH <  1.0 (3.125)
spb =  0 . b C E C  *207.2* 10  ^ pH  >  4.7 (3.126)
where is the total adsorbed and solute concentration in molejL  (=  spb +  cp;,), 
C E C  is the cation exchange capacity, which should be substituted in equivalent j  gm  
(for kaolinite used C E C  =  1.00 milliequivllOOgm =  1.06 * 10“® eçufu/^rm), and
207.2 is the atomic weight of lead. Note that Equation 3.126 and Equation 3.128 
are multiplied by 1000 and 10® respectively to evaluate the sorped lead in mgjkg.  
Figure 3.6 presents a comparison between the empirical relation assumed for lead 
sorption at different pH values and the experimental results of Yong et al. (1990).
10 unknowns are defined for this study, these are h, E, cpb, cp, cqh, cp, spb, Rpi,, 
i?^, and Rqh-  Six transport partial differential equations are used, these equations 
are 3.97 for PlP'  ^ transport, 3.101 for H"^  transport, 3.105 for 0 H ~  transport, 3.108 
for N O 3 transport, 3.113 for soil consolidation, 3.115 for charge transport. The
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#  Total Pb = 0.05 cmol H/kg soil (0.05 meq/lOOg)
■  Total pb=0.5 cmol H/kg soil (0.5 meq/lOOg)
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Soil pH
Figure 3.6: Lead Sorption at Different pH values (Experimental Data From Yong et 
al. 1990)
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other four equations required for the solution are the algebraic equations 3.119 for 
lead hydroxide precipitation/dissolution, 3.121 for water auto-ionization, 3.122 for 
charge conservation of the chemical reactions, and one of 3.124-3.126 for lead sorption 
(depending upon the soil pH).
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Chapter 4 
NUM ERICAL SIM ULATION
4.1 Introduction
Numerical simulations are of great importance in engineering and science. They 
are of major interest in providing solutions to the theoretical and mathematical 
formalism of a particular physical system, specially when analytical forms of solution 
are not possible,
• they are used to bridge the gap between theoretical developments and experi­
mental results,
•  they can be used to evaluate the importance of a specific physical effect on 
the physical system by turning this effect on or off, changing its strength, or 
changing its functional form,
• they may be used to test the validity of the theoretical formalism, and quanti­
tatively test existing theories,
» once a numerical model is tested and verified, it can be used as a design and 
analysis tool for full practical application, and
•  they can be used to quantitatively evaluate new ideas.
Theoretical models and numerical solutions for multidimensional transient cou­
pled species transport in groundwater under hydraulic and chemical gradients have 
shown significant progress in recent years. In most of these models, a coupled system
109
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of partial differential and nonlinear algebraic equations is developed and solved by 
different numerical approaches. Three of these numerical approaches are identified 
and used successfully by various authors,
1. providing a solution to the mixed differential and algebraic equations in which 
the transport equations and chemical equilibrium reactions are solved simulta­
neously as a system (Miller and Benson 1983; Lichtner 1985),
2. direct substitution of the algebraic chemical equilibrium equations into the 
differential transport equations to form a highly nonlinear system of partial 
differential equations (Vallocchi et al. 1981; Jennings et al. 1982; Rubin 1983; 
Lewis et al. 1987), and
3. iterating between the sequentially solved differential and algebraic equations 
(Kirkner et al. 1984, 1985; Yeh and Tripathi 1991).
Detailed reviews of these methods have been presented by Yeh et al. (1989) and 
Kirkner et al. (1988).
The third approach, sequential iteration between partial differential transport 
equations and chemical equilibrium algebraic equations, is used in this study because,
• the above described first and second approaches require intensive computer 
work and CPU time, specially for two or three dimensional applications (Yeh 
and Tripathi 1991),
• the algebraic equations do not include spatial derivatives, hence they are appli­
cable to a batch system only (point equations) and sequential solution of these 
equations at every time step is more realistic and a reasonable choice,
• since the transport equations for different species are identical in form, it is con­
venient to solve them one by one independent of each other and then iterating 
with the chemical equilibrium equations.
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4.2 Solution Scheme
The theoretical formalism presented in previous chapters produces a coupled 
system of partial differential equations, describing transport of fluid, charge, species, 
and nonlinear algebraic equations describing species chemical reactions. The numer­
ical solution scheme utilized for this system, using the sequential iteration approach, 
is summarized in Figure 4.1. The procedure is explained in detail in Chapter 7.
Boundary and initial conditions are specified at time (7< =  0). The solution 
starts by solving the differential equations describing species transport to evaluate 
species concentrations at time {T  =  T, +  At). Initial values of E  and h and their 
gradients at T =  T,- are first used in these equations. The new concentrations of 
the chemical species are used in the algebraic equations for the chemical reactions 
to evaluate the rates of production of species due to chemical reactions. The new 
concentrations are then used to evaluate the electric conductivity distribution and 
the first and second derivatives of concentrations. These values are used to solve the 
charge transport equations to evaluate the electric potential distribution E  at time 
T  =  T{ +  At.  The second derivative of the electric potential is then evaluated across 
the specimen and used to solve the soil consolidation equation to evaluate the new 
hydraulic potential distribution at T =  T{-\- At.  The new electric potential distribu­
tion is then compared with the distribution used to used to solve species transport 
equations. If the two distributions do not compare within a specific tolerance, then 
the new distribution of E  is used in the species transport equations and these equa­
tion are resolved. If the two distributions agree then the solution proceeds to the 
next time step.
The computer program developed is discussed in more detail together with its 
subroutines in Chapter 7. Appendix A presents a listing of the computer program, 
while a sample data file pertaining to the pilot-scale study is presented in Appendix
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NO YEST=TiCheck E vwth Ei
T = Ti + DT
Solve the Algebraic Equations Describing 
Chemical Reactions to Evaluate New Concentrations
Solve Transport PDFs using E=Ei and h=hi 
Evaluate C(H), C(OH), C(Pb), C(N03)
Solve Charge Conservation Equation 
to Evaluate E at T=Ti+DT
Initial Concentrations, Electric Potential, 
and Hydraulic Head at Ti=0 (Cji ()=1,4), Ei, hi)
Evaluate First and Second Derivatives of Species 
Concentrations, Electric Conductivity and Its Derivative
Solve Soil Consolidation Equation 
to Evaluate h at T=Ti+DT
Evaluate First and Second Derivatives 
of the Hydraulic Head (h)
Evaluate the First and Second Derivative 
of the Electric Potential (E)
Figure 4.1: Flow Chart Describing the Sequential Iteration Scheme Used
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B. The numerical methods used for the solution are described in the following sec­
tions.
Extensive literature exists on numerical approximation of different transport 
partial differential equations with various boundary and initial conditions. Finite- 
difference methods and finite-element methods are the most widely used numerical 
approximations for solving transport partial differential equations. Though finite- 
difference method can provide an adequate and accurate solution for one dimensional 
transport equations, the finite element method is adopted in this study. The finite 
element method is more appropriate in treating the flux boundary conditions, has 
the ability to discretely describe complex boundaries, and it is easier to use this 
procedure in calculating the cross-derivative terms.
The Galerkin weighted-residual method is used as the variational (or weak) 
method of approximation. In an attempt to prepare a two-dimensional transport 
model, two dimensional elements are chosen for the finite element discretization in 
spite of the one dimensional application in this study. The Choleski decomposition 
method is used for matrix inversion and the bisection method is used for solving the 
chemical equilibrium algebraic equations.
4.3 F inite Elem ent Solution o f P D E ’s
The general form of the partial differential equation governing two-dimensional 
advective diffusive species transport with zero and first order production rates is 
given by,
d"^ c d^c dc do do
where Dx, Dy are the diffusion coefficients in x and y directions respectively, Vx and 
Vy are the flow velocities in x and y respectively, // is the first order production rate, 
and 7  is the zero order production rate. Boundary conditions can be defined as.
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c =  Co (4.2)
on the boundary B l, and,
dc dc
{vx +  Vy) c — Dx — Dy —  — q (4.3)
on the boundary B2, where q is the mass flux of species at the boundary. Figure 
4.2 presents a schematic diagram of a two-dimensional domain for this case with the 
given boundary conditions.
4.3.1 Variational Formulation
Variational formulation is a weak formulation that describes the differential 
equation as a recast of an equivalent integral form. A large number of variational 
formulations have been introduced for deriving approximate solutions. For most lin­
ear problems the weak (or variational) formulation is equivalent to the minimization 
of a quadratic functional /(c ) , known as the total potential energy, that describes 
the physical system (Reddy 1985).
The quadratic functional corresponding to Equation 4.1 is described by,
/(c) =  ( 1 (c ) - f / ic -b y )  dx dy (4.4)
where /(c) (or I) is the variational of c, V  is the plane region with the boundaries 
Bl  and B2 and the operator L is defined by.
The first variation of this integral equation is,
Si l  =  8c {L{c) +  fic +  j )  dx dy (4.6)
Since the energy must be minimized, the first variation must equal zero,
Si l  =  0 (4.7)





Figure 4.2: General Space Domain for Two-Dimensional Problem with the Boundary 
Conditions
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Equation 6 can be further simplified by utilizing integration by parts. The diffusion 
terms in x and y directions are expressed as, 




ds — f  
Jv ■"I' I
dx dy (4.8) 
dx dy (4.9)
where the first term on the right side represents the boundary conditions on the 





Sc Dy Sc Dy + Sc Dy  ^
B B l . " a y . B2
(4.11)
B2
The value on Bl  is equal to zero since the variation (6c) is zero for the constant 









Substituting Equations 4.8-4.11, and 13 in Equation 4.6,
dx dy
Jv ["''9a;'' dx ' "^dy’ dy
+  6c [(ui +  V y ) c  — q]  ds 
JB2
(4.14)
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Two-dimensional 8-nodal (quadratic) isoparametric elements are specified for 
domain discretization. 8-node elements are selected in order to achieve reasonable 
evaluation of the first and second order derivatives of the dependent variables. Fig­
ure 4.3 shows the elements together with the shape functions. Isoparametric element 
is used because both the dependent variables and the local coordinates can be in­
terpolated from nodal values. Shape functions N{ for this sub-domain are given as 
(Burnett 1987),
JVi =  - 1  ( 1 - 0  ( 1 - l )  ( 1 + {  +  >!)
%  =  1 ( 1 - a  ( I - ? )
Ns -  ( 1 + 0  ( 1 - ' / )  ( 1 +  Ï/)
JV. =  i  ( 1 + 0 ( 1 - , ’ )
JV. =  -1  ( 1 + 0 ( 1 + , )  ( l - ( - , )  (4.15)
JV. =  1 ( 1 - 0 ) ( 1 + , )  
JV? = - 1  (1 - 0  (1 + , )  (1 + ( - , )
JV, =  I  (1 - 0 ( 1 - , ’ )
and,
[iV f =  [yVi N2 TVs TV4 TVs Ne TV? TVg] (4.16)
The coordinates and the functions are described by:
X =  [7V]^  {a;,} =
y =  {Vi} =  12  TV, y,' (4.17)
c =  [TV]^  {c,} =  ^TV, a
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£  =  1
8
6
Figure 4.3: Eight Node Quadratic Isoparametric Quadrilateral Element
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where z, and ?/,■ are the global values of the nodal coordinates and c, is the nodal 












Since the shape functions are dependent on the local coordinates  ^ and 77





dx d i  '*■
drj
dNi  ^  
























where [J] is the Jacobian matrix. Hence, the x and y  derivatives are evaluated by
A d
dx
, =  [J]-: .
A A
. . . .
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The determinant |J| (or the Jacobian) is given by:
The determinant of the Jacobian matrix |J| can be regarded as ratio between an 
infinitesimal area in the parent element to the corresponding infinitesimal area in 
the real element that it is mapped into,
dx dy =  |J | d  ^ dr]
The Jacobian matrix is evaluated using Equation 4.22.
4 .3 .2  Local M atrices
Equation 4.14 can be formed at the local element k as:
+  )c* -  q] ds






 ^ dx y dy ^  ' dt
The dependent values for the local element k in Equation 4.25 are
o'' =  [Nf{c'^}











The local element (k) matrices can be formed by substituting Equations 4.26-4.29 
into Equation 4.25,








+  |(« | +  «Î) [JV) [JV]»'{c)‘ -  |JV] ,]  d3 )  (4.30)
fciT . d N d N .( - <  [N] -  V [iV] )dxdy  {c}
dx dy
rdc'  ^.+  { S ^ ) ^  I {c}‘ +  7 * M  -  f l‘ [JVl|iVP { ^ }  I dxdy
The time derivative is evaluated using a forward finite difference approach described 
by,
dc  {c}t+At -  {c}t
dt  At





k T  ^ [S K F Ÿ  +  [VL]'‘ -  [AK]^ -  [VBŸ  +  ^  )  { 4 ki+M
{c}^ -  {QQ}" +  {F }
[5A-F1‘ =  - I  (  Dt  [ f  1 [ ^ 1 ^  +  />; [ f  ) [ f  r )  dxdy 
[VB]” =  («; +  «;) lAr)[JVF<i4
( F )  =  -  j j N \  g ds
[FF]" =  ( - t . ;  M  1 ^ ] ’- -  VÎ M  l ^ f  j  dx dy
{ Q Q ) “ =  /  7* M  dx dy
J V
[£]'•• =  [iV] [ N f  dx dy
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where,
[5A'F] represents diffusion terms,
[VL] represents velocity terms,
[F] represents retardation term,
[AK]  represents first order production term,
[VB]  represents the velocity term at the boundaries,
{ Q Q ]  represents zero order production term, and
{F }  represents the flux term.
Applying the Transform 4.21, these matrices are equal to,
/_' (  <  i f  1 i f "  +  <  [ f  1 [ f  F )  l^ l^ f ^^(4.40)
1 ^ 4 ' =  X ' £  ( - 4  m  [ f  ]’■ -  [JV] [ f  1’’ )  | j |  d i  dr, (4.41)
[ Q Q Y  =  £  7 " [N] \ j \  dr, (4.42)
[E]' =  £  £  R '  [A^ ] [ N f  \J\ d^ dr, (4.43)
[AF]* =  £  £  [N] [ N f  \J\ d^ dr, (4.44)
4.3.3 Gauss Legendre Quadrature
The area integrals in Equations (4.40-4.44) are evaluated numerically using 
Gauss quadrature. Gaussian product rules (multidimensional Gauss rules) are gen­
erated by successive application of one dimensional Gauss rules as follows.
I n t .  =  £  £  c ( ( ,  77) d^ dr,
^ c(£-,t7)^ dr, Pi c(£ ,% ) (4.45)
where, Wj- and W j  are the weight factors for the selected sampling points (,• and r,j. 
Nine sampling points are selected for £  and r,j, ±  0.7745966692 and 0.0000000000. 
Weight factors for these points are 0.5555555556 and 0.8888888889, respectively.
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4 .3 .4  G lobal M atrix
The connectivity of each element is used to generate the global stiffness matrix.
=  {8cY 15A-F]» +  [VLV -  [AK\‘ -  IVB]> +
^  {4 f -  {QQV + {F} (4.46)
Since the formulated global matrix accounts for all elements of the mesh, then the 
first variation of the integral equation 8 i P  must equal zero to minimize the energy 
input to the system. Furthermore, the variations 8c are arbitrary which renders 
Equation 4.46 to,
+  [VLY -  -  [VBY  +
[EY
At {cYt -  { Q Q Y  +  {F }  =  0 (4.47)
or.
[SA'F]» +  IVL]‘ -  [AK]’ -  [VB]’ +  ®  1 ( d ’+a,
=  ®  {c]‘, + {QQV -  (F )  (4.48)
The above formulation of the finite element solution of the partial differential 
equation will result in the following matrix form
A  • c =  b (4.49)
where A is the global matrix developed, c is the column vector describing unknown 
concentrations at time {t +  At), and b is the column vector developed for initial and 
boundary conditions and zero order production rate.
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4.3.5 Choleski Decomposition
For any nonsingular square matrix A , the rows can be reordered so that the 
resulting matrix has an L • U  factorization
L ■ U  =  A (4.50)
where L is the lower triangular and U  is the upper triangular. For the case of a 4 x 
4 matrix, as an example, Equation 4.50 will be
Oill 0 0 0 A i A 2 013 014 Ü11 «12 «13 «14
021 0 2 2 0 0 0 ^ 2 2 023 024 «21 «22 «23 «24
O 31 0 3 2 0 3 3 0 0 0 033 034 Û3 I «32 «33 «34
O 41 0 4 2 0 4 3 0 4 4 0 0 0 044 «41 «42 «43 «44
(4.51)
Instead of using an arbitrary lower and upper triangular factors L and U , Choleski 
decomposition constructs a lower triangle matrix L whose transpose can itself 
serve as the upper triangular part (Bathe and Wilson 1976; Kreyszig 1988). In other 
words.
L • =  A (4.52)
The components of \7  are of course related to those of L by
^ij  =  Lji (4.53)
Solving for components of L will result in
/  t - l  \  1 / 2
La  =  ^ an -  ^  L]f. j
L ji =   ^ aij -  ^ ik  L j k ^  j =  f +  l , i  + 2,....,7i
(4.54)
(4.55)
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4 . 4  Vérification o f the F in ite  Elem ent Solution
It is necessary to verify the computer program to assure that the mathematical 
formalism and the computer code are correct. Program verification requires compar­
ison of the program results with verified analytical or numerical solutions to known 
problems.
Various attempts are made to compare the numerical solution with existing 
analytical solutions of specific problems. Preliminary comparisons are made with 
ordinary differential equations describing either boundary value problems or initial 
value problems and the finite element solution showed good comparison with ana­
lytical solutions to these cases. Verifications of the numerical model and computer 
code are accomplished through comparisons with various analytical solutions for 
initial-boundary value problems, similar to those present in Van Genuchten and Al- 
ven (1982). These comparisons are provided in Appendix C for certain practical 
problems with constant and/or flux type boundary conditions.




A laboratory testing program has been developed to investigate the effect of 
up-scaling bench-scale tests and to demonstrate the feasibility and cost efficiency 
of electrokinetic soil remediation at dimensions representative of field conditions. 
Second, it is essential to compare the results of the experimental model with the 
results of the theoretical formalism developed. Accordingly, a pilot-scale test setup 
was designed. The following criteria are used in the design,
• one-dimensional conditions and an intermediate case between bench-scale and 
full-scale in-situ remediation is represented,
• introduction of any boundary effects is minimized.
• constant hydraulic head difference between the anode and the cathode is main­
tained throughout testing,
• constant electric current or electric potential difference could be applied across 
the soil mass,
• space and time changes in electric potential, pressure head, and temperature 
across the soil mass could be measured, and
• soil samples should be available for chemical analysis during testing
126
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5.2 Equipm ent and Instrum entation
There are no standards available for conducting pilot-scale laboratory tests and 
consequently no standard equipment or instrumentation are available. Standard 
procedures are used wherever and whenever available.
5.2.1 Test Container
Figure 5.1 provides a schematic diagram of the container used for the pilot-scale 
experimental study. The container is made of plywood so that it does not conduct 
electricity but resists the lateral compaction pressure. Container dimensions are 
chosen to be 91.4 cm width x 91.4 cm height x 182.9 cm length (36.0 in x 36.0 in x 
72.0 in). These dimensions are selected in an attempt to minimize boundary effects, 
establish one-dimensional flow conditions, and present a reasonable electrode spacing 
between bench-scale experiments and full scale field implementation. The effect of 
electrode spacing to the efficiency of the process is not well established. A wooden 
base is used to separate the container from the ground and to detect any leakage.
The inside of the container is sealed with silicon sealant and then wax painted. 
In order to avoid any fluid leakage from the container, 80-mil High DensityPoly Ethy­
lene (HDPE) Gundle liner is fitted inside the plywood container. HDPE/Bentonite 
composite (Gundseal) also is placed inside the wooden container as a second liner 
along the walls across the electrodes.
5.2.2 Electrodes
Several types of electrodes can be used in electrokinetic soil remediation. Inert 
graphite electrodes are used for both the anode and the cathode to prevent intro­
duction of corrosion products that might complicate the electrochemistry due to 
electrode electrolysis reaction. Electrodes are purchased in rods each 6.35 cm (2.5







0.32 cm thick. 
HDPE/Bentonite 
Composite
















9.1cm 4 at 18.3 cm 9.1cm
Figure 5.1: A Schematic Diagram of the Wooden Container and Lining Material 
Used for Testing
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in) diameter and 76.2 cm (.30 in) length. Each cathode and anode series consists 
of a row of five equally spaced electrodes at a center to center spacing of 18.3 cm 
(Figure 5.1). Electrodes are held by polyacrylite frames that fit inside the anode and 
cathode compartments (Plate 5.1).
5.2.3 Power Supply
Sorensen (DCS 600-1.7) power supply is used that can provide 0-600 V DC 
and 0-1.7 Amps.  The DCS 600-1.7 has two operating modes; constant current and 
constant voltage. In the constant voltage mode, the output voltage is regulated at 
the selected value while the output current varies with the load requirements. In 
the constant current mode, the output current is regulated at the selected value 
while output voltage varies with the load requirements. The constant current mode 
is selected to generate the required electric field in order to control the electrolysis 
reactions at the electrodes such that a constant rate of production of electrolysis 
products occurred.
5.2.4 Instrumentation
Various probes and devices are used to monitor physicochemical changes in the 
soil while processing. Voltage probes are used to monitor the voltage distribution 
across the soil; thermocouples to monitor temperature changes, tensiometers and 
transducers to monitor suction, and pH meters to monitor cathode and anode pH 
values.
Tungsten wires are inserted at different locations and used as voltage probes to 
measure the electrical potential distribution across the soil mass. It is estimated that 
a 200 to 300 volt difference will be developed between the electrodes (2-4 Vf cm)  at 
130 pAjcm"^. A voltage divider is designed and built to attenuate 0-300 V  range to 
a 0-10 V  range. Figure 5.2 shows a schematic diagram of the voltage divider. The
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Plate 5.1: Graphite Electrodes Used in Pilot-Scale Tests














Figure 5.2: Voltage Divider
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formula used for dropping the voltage proportionally is given by
^1 + ^2
Attenuation  =  -----— -----  (5.1)
An important factor in deciding the values of resistors used is that the resistors R1 
and R2  are going to dissipate all the power in the divider. The higher the value 
of the resistance (E l +  R2) the less power is dissipated by the divider circuit. The 
values of E l and E2 used are 10 M  ohm and 360 k ohm,  respectively.
Suction in the soil across the electrodes is measured using tensiometers connected 
to transducers linked to a demodulator. Figure 5.3 shows the suction measurement 
setup. Tensiometers consist of a porous ceramic cup connected through an airtight 
tube filled with water to a transducer (or manometer). When the porous cup is placed 
in the soil, the bulk fluid (water) inside comes into contact with the soil pore fluid. 
Generation of suction in the soil pore fluid is then transmitted to the fluid inside 
the cup and consequently to the transducer. The measured pore water pressure or 
suction will have a gravitational component that varies with the reference level. As 
shown in Figure 5.3, the gravitational component of the tensiometer pore fluid, z, is 
determined from the elevation of the porous cup relative to the reference level. The 
porous ceramic cups, purchased from Soilmoisture Equipment Corporation, are 2.86 
cm (9 /8  in) length, 0.64 cm (1 /4  in) outer diameter and with 100 kPa  air entry 
value. Plate 5.2 shows the porous cup together with other probes used in large-scale 
experiments.
Pressure transducers, DP215 purchased from Validyne Engineering Corporation, 
are used to evaluate the suction generated in the tensiometers. Figure 5.3 presents 
a schematic diagram of the pressure transducer. The transducer block consists of 
a diaphragm sensitive to pressure changes placed between two coils. When suction 
is developed in the tube coming from a tensiometer it will cause the diaphragm to 
deflect towards the cavity. As a result, the magnetic field between the inductance coil






+/-10 V DC 
To Multiplexer
Diaphragm
Gap 1 Gap 2
CoULl. :oilL2
'E" Coil
Pressure Port( b )
Figure 5.3: A Schematic View of Suction Measurement Devices
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Plate 5.2: Various Probes Used in Large-Scale Experiments
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emplaced in each block is disturbed and an electric potential is generated across the 
coil. The magnitude of this potential represents the amount of diaphragm deflection.
Pressure transducers require an AC excitation and return an AC signal. A carrier 
demodulator, therefore, is needed to provide the AC excitation and convert the AC 
sensor signal into a high level DC output. CD280 four channel carrier demodulator 
with TlO V DC analog output is purchased from Validyne Engineering Corporation 
and used for this purpose. It is noted that tensiometers provide the matric suction 
and they measure suction up to 90-100 kPa.
Measurements of anolyte and catholyte pH values are conducted using a Cole- 
Parmer Model 5656-00 pH controller and Model 5593-70 pH electrodes. pH electrodes 
were first immersed in the anolyte and catholyte. Unfortunately, the electric field 
in the cathode and anode compartments affects the pH readings of the anolyte and 
catholyte. It is therefore necessary to measure the anolyte and catholyte pH without 
the interference of this electric field. Water in each compartment is cycled into 
a separate container using a Cole-Parmer Masterflex L/S pump. Water level in 
each container is kept at the same level with the electrode compartments. Water 
is pumped from these containers to the anode (or cathode) compartment using the 
pump. If the water level increases at the electrode compartments, it will be drained 
back to the container to keep the same head level (the hydraulic system used is 
described in details in Section 5.9). However, if water level increases in both of the 
electrode compartments and the containers due to electroosmotic or hydraulic flow, 
then it will be drained from the container, collected in a separate bucket, and the 
volume of the collected fluid is measured in time. pH meters are then connected 
to the MUX32 multiplexer to monitor the pH readings by the computer. At the 
same time, samples of the cathode and anode fluid are taken continuously for pH 
measurements for cross checking purposes.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
136
Thermocouples are used for temperature measurements during testing. Teflon 
coated copper-constantan thermocouples, 30.5 cm(12.0 in) length and 0.32 cm (1/8  
in) outer diameter, are purchased from OMEGA for this purpose. Thermocouples 
are formed of two dissimilar metals that are joined together at one end. When this 
end is heated a thermoelectric (or Seebeck) voltage is generated due to difference 
in thermoelectric properties of the two metals. Thermocouples are connected to 
a multiplexer which provides a cold junction compensation and amplifies low level 
signals.
5.3 D ata A cquisition System
The hardware utilized in the data acquisition process is Zenith PC microcom­
puter with CI0-DAS16 A /D  (Analog/Digital) board and CIO-MUX32 multiplexer. 
The software package used is Labtech Notebook Version 7.0.
The DAS16 board, purchased from CyberResearch Inc., supplys 16 single-ended 
or 8 differential input channels (256 differential with multiplexer). The input ranges 
are 0-10 for uni-polar inputs, or ±  5 for bi-polar inputs. The MUX32 panel mul­
tiplexes every 16 channels into one input channel on the DAS16 board, allowing up 
to 256 differential inputs to one DAS 16 board. The multiplexer also supplies a cold- 
junction compensation for thermocouple measurement, has selectable 7 Hz  input 
filtering, and can amplify the input readings by a selectable gain. The MUX32 panel 
is connected to the DAS16 board through a 37-pin shielded round cable.
Labtech Notebook is an integrated software package for data acquisition, process 
control, monitoring, and data analysis. The software can support up to 500 single 
channels.
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5.4 Soil Description
Air floated Georgia kaolinite from Thiele Kaolin Company, Georgia, is used for 
this study. This mineral is selected because of its low activity (activity is defined as 
the ratio of the plasticity index to the clay size fraction of the soil) and high electroos­
motic water transport efficiency relative to other clay minerals. Table 5.1 presents 
the physico-chemical properties of the soil provided by Thiele Kaolin Company. The 
compositional and engineering properties of Georgia kaolinite, determined by previ­
ous research work at Louisiana State University (Putnam 1988; Hamed 1990), are 
summarized in Table 5.2. Chemical analysis of kaolinite is presented in Table 5.3.
5.5 Chemical Species
Lead nitrate [Pb[NO^)^) salt is used as the source of lead because it has high 
solubility in water and can provide the necessary ionic forms of lead and nitrate. 
Lead nitrate solution is prepared by mixing a pre-evaluated weight of lead nitrate 
salt (depending upon the required concentration) with the required volume of tap 
water. Nitric acid is added prevent hydroxide precipiatation from the hydrolysis of 
lead ion.
5.6 Perm eation Fluid
Tap water is used for the cathode and anode compartments. Tap water is 
supplied at the anode from a source tank and collected at the cathodes, as described 
in Section 5.9. Chemical analysis is conducted on some tap water samples and Table
5.3 presents the average concentrations of the cations and anions present in these 
samples.
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Table 5.1: Physicochemical Properties of Georgia Kaolinite Provided by Thiele 
Kaolin Company
Hygroscopic Moistre Content % 0.5 -  1.5
Specific Surface Area {rri /^g^^ 20 -  26
pH (20 % solids) 3.6
Silica {Si0 2 ) % 43.5 -  44.5
Alumina {AI2O3 ) % 38.0 -40.5
Iron Oxide {FeiO^) % 0.9 -  1.3
Titanium Dioxide (TzOg) % 1.4 -  3.5
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Table 5.2: Characteristics of Georgia Kaolinite (Hamed 1990)










Specific Gravity (ASTM D 845)^ 2.65
% Finer than 2 [im Size 90
Activity 0.32
Cation Exchange Capacity 
(milliequivalents/100  gm  of dry soil)
1.06
Proctor Compaction Parameters
Maximum Dry Density {tons/m^)  
Optimum Water Content (%)
1.37
31.0
Initial pH of Soil“ 4.7-5.0
Compression Index (Cg) 0.25
Recompression Index (C^) 0.035
Permeabihty of Specimens Compacted at the 
Wet of Standard Proctor Optimum (x 10“® cm jsec) 6—8
ASTM Method for Liquid Limit, Plastic Limit, and Plasticity Index 
of Soils (D 4318)
ASTM Method for Specific Gravity of Soils (D 854-58) 
pH Measured at 50% Water Content 
Flexible Wall Permeability at Full Saturation
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Table 5.3; Chemical Concentrations of Kaolinite and Tap Water
Cation Kaolinite +  DI 
f i g h
Kaolinite +  H N O 3
g^glg
Tap Water 
m g j l
0.70 2.75 0.05





Na+ 1323.80 1555.00 98.99
Anion Kaolinite +  DI* Tap Water
g-glg mg 11
c i - 502.0 22.8
126.0 8.2
S 0 1 + 114.0 9.0
.* DI : Deionized Water
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5.7 Bench Scale Tests
The procedure used in bench-scale tests is the same as that used by Hamed 
(1990). Two bench-scale tests are conducted at a concentration of about 1,500 
}iglg. For both tests, 0.0165 M lead nitrate solution is prepared using 7.23 g  of lead 
nitrate salt, 1.320 L of tap water and 2.0 ml  of nitric acid. 3.0 kg sample of dry 
kaolinite is mixed with 1.320 L of the solution to bring the soil to 44% water content. 
The soil sample is cured for 24 hours. The specimen is then divided into two parts 
and each one is compacted in polyacrylite sleeves of 10.2 cm (4 in) in length and 10 
cm (3.94 in)  inside diameter. The sleeves are weighed before and after compaction 
and then directly inserted in the electroosmotic cell used in one-dimensional test.
Electroosmotic test specimens are then assembled as shown in Figure 5.4 (Hamed 
1990). Inert graphite disks of 0.13 cm (0.125 in) thickness and 10 cm (3.94 in) 
diameter are selected as electrodes. Two sheets of 8 gm  filter papers are placed 
at both ends of the specimen. Uniform flow conditions through the electrodes are 
ensured by drilling fifty holes of 0.3 cm (0.12 in) diameter into the electrodes. The 
electrodes are held in place by polyacrylite end caps connected with threaded rods. 
A liquid reservoir of 1100 ml  capacity is available at each end. Holes are drilled 
into the top of each cap above the reservoir to allow venting of gaseous electrolysis 
products,
5.8 P ilot-S cale Tests
Two pilot-scale tests are conducted on kaolinite spiked with lead at concen­
trations of about 850 gg/g  and 1,500 ggjg-  A third pilot-scale test is conducted 
on a kaolinite/sand mixture spiked with lead at a concentration of 5,000 ggjg.  In 
these tests, kaolinite samples are mixed with lead nitrate solution in several batches 
before compaction. In each batch in the first test, 0.0094 M  lead nitrate solution is

















Figure 5.4: Schematic View of the Bench-Scale Test Setup (Hamed 1990)
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prepared using 31.00 gm  of lead nitrate salt, 10 L of tap water and 20 ml  of nitric 
acid. One bag of kaolinite (22.7 kg (50.0 Ih) of dry weight) is placed on the Gundle 
liner on the laboratory floor. The solution is then added to the dry kaolinite using a 
sprinkler with continuous mixing using a large shovel. The sample is placed in the 
concrete mixer and the mixer is turned on for about 10 minutes. Large clods (about 
25 cm in diameter) of spiked kaolinite are formed in the mixer. These clods are then 
cut into smaller pieces (of about 5 cm in diameter) and placed on the liner inside the 
box. For every layer, 8 bags are mixed each day and cured for 24 hours. A plastic 
wrap is used to cover the clay while curing to minimize evaporation.
Compaction is achieved with a hammer manufactured for the purpose. The 
hammer is a steel rod, 91.44 cm (36.0 in) in length, welded to a steal plate with a 
contact area of 15.24 cm x 15.24 cm (6.0 in x 6.0 in).  The gross weight of the hammer 
is 4.54 kg (10.0 lb). Each layer is compacted by dropping the hammer a 1000 times 
on the top of the soil from a height of about 91.44 cm (36.0 in). The compaction 
energy applied by this procedure is less than the standard proctor compaction energy; 
however, it is enough to bring the soil to 1.2 t/m^ at the wet of optimum water content 
dry density at a relatively high degree of saturation (approximately 90%).
Three small wooden boxes are then placed on top of the first layer inside the 
container. These boxes are placed at middle and at both sides of the container to 
form the electrode compartments. The outer dimensions of these boxes are 13.5 cm 
X  89.0 cm X  91.4 cm (5.3 in x 35.0 in x  36.0 in).  Gundle composite fabric and 
geotextile grid are used to separate the wooden boxes from the compacted soil, as 
shown in Figure 5.1. The three boxes placed in the container are removed using a 
fork-lift after compaction of all soil layers.
A large fork is used to scarify the surface of the first layer before compacting 
the second layer in an attempt to ensure full integrity between the first and second 
clay layers. The remaining layers are then compacted using the same procedure.
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The same mixing procedure is employed in the second test with only one differ­
ence. The lead nitrate solution used in each batch (22.7 kg of dry kaolinite) in the 
second test is 0.0166 M,  prepared using 55.00 gm  of lead nitrate salt, 10 L of tap 
water and 20 ml  nitric acid.
For the third pilot-scale test, kaolinite/sand mixture is spiked with lead nitrate 
solution at a concentration of 5,500 figlg. 0.1213 M  lead nitrate solution is prepared 
by mixing 400 g of lead nitrate salt with 10 T of tap water. One bag of kaolinite 
(50.0 lb dry weight) is mixed with a half bag of fine sand (50.0 lb of dry weight) to 
form 1:1 kaolinite/sand mixture. The solution is then mixed with this soil to bring 
the required lead concentration to a water content of 22 %. Compaction is then 
achieved by using a similar procedure to that above.
5.9 Test Setup
As demonstrated in previous sections, three rows of electrodes are placed in 
compartments in the soil, as shown in Figure 5.1. A polyacrylite frame is placed in 
each compartment to hold the electrodes (Plate 5.1) . Each row is formed of five 
graphite electrodes. The compartments are then filled with tap water up to a level 
of 4.0 cm below the clay surface level (the total water volume in each cathode or 
anode compartment is 70.2 L). The central row of electrodes is selected to be the 
anode while the two cathode rows are at the ends at a distance of 2.5 ft from the 
anode row.
Since the electroosmotic flow is expected to occur from the anode towards both 
cathodes, a water tank is connected to the anode reservoir to supply the required 
amount of flowing fluid. Water is collected fromm both cathode compartments in 
separate containers. In order to avoid introduction of advection due to any external 
hydraulic potential difference, the hydraulic head is kept constant and equal at both
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cathodes and anode compartments during the experiment with zero head difference 
(Figure 5.5). This provision permits evaluation of the effect only of the electrical 
potential gradients on water flow within the system.
The pilot-scale sample in each test is composed of two identical halfs or cells 
(Plate 5.3). An electric current of 1.7 A is supplied to the sample at the anode. This 
current is divided to supply the two halfs with 0.85 A  each. The cross sectional area 
of the soil treated is 6,398 cm? (91.4 cm width x 70.0 cm height) and the applied 
current density is 0.13 mAjcm?.
Voltage probes, tensiometers, and thermocouples are used to monitor changes 
in voltage distribution, suction, and temperature across one cell (Figure 5.6), while 
the second cell is used for sampling, to assess the concentration changes with time. 
Instruments are calibrated before and after each test. Voltage probes are calibrated 
using a voltmeter. A power supply is used to feed the data acquisition system with 
a known voltage (measured with a voltmeter) and the computer reading is adjusted 
to give the right value. The process is repeated three times with different voltage 
values and then a check is made on the readings with another two voltage readings. 
The voltage values used for calibration cover the voltage range expected during 
testing. Thermocouples are calibrated using ERTCO No. 65514 NBS traceable 
thermometer. Two different temperature readings are used for calibration, one is for 
a cold water sample and another for a heated water sample. A third reading is taken 
for a normal water at the ambient room temperature to check the thermocouple 
calibration. Tensiometers are calibrated using water columns with different heights 
to give different pressure heads. The water columns are used to give both positive 
and negative pressure values for calibration. A check is also made for tensiometer 
readings at different water levels. After calibration the probes are inserted in the soil 
as shown in Figure 5.6.
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Figure 5.5: Longitudinal Cross-Section of the Pilot-Scale Test Sample depicting the 




Plate 5.3: The Wooden Box Used in Pilot-Scale Tests Showing the Two Cells (A 
and B), the Anode and Two cathodes
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Figure 5.6: A Schematic Diagram of the Pilot-Scale Test Setup
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The devices used for measuring voltage distribution, anode and cathode pH, 
pore water pressure, and temperature are then connected to the MUX32 multiplexer 
(Figure 5.7). The data generated is then transmitted to the DAS16 A /D  board in 
the 386 Zenith PC, and Labtech Notebook software is used for data acquisition and 
monitoring.
5.10 C hem ical Analysis
Chemical analyses of soil and fluid samples are made using inductively coupled 
plasma (ICP) at the Wetland Biogeochemical Institute of Louisiana State University. 
Soil samples are oven dried for 24 hours at a 110 C°. Then, 2 g samples of the oven 
dried soil are placed in 50 ml  centrifuge tubes and mixed with 40 ml  portions of 1.6 
M  nitric acid. The mixtures are treated for 48 hours with continuous shaking to 
allow dissolution of the salts present and desorption of the adsorbed species. The 
mixtures are filtered and the solutions send for ICP chemical analysis.
5.11 Soil Sampling
Pilot-scale test specimens are sampled during and after terminating the elec- 
trokinetic process. Final analyses of the water content, pH, and chemical concen­
tration are conducted by dividing each bench-scale and pilot-scale soil specimen 
into samples and subsamples. For bench-scale experiments, the soil specimens are 
divided into 10 cylindrical sections, each 1.0 cm length and 10.0 cm diameter. pH 
readings are taken for each section, before oven drying them for chemical analysis 
and water content evaluation.
For the first pilot-scale test, the soil is divided into 3 horizontal layers, top layer 
(layer 1), middle layer (layer 2), and bottom layer (layer 3). Each layer is divided 
into 10 longitudinal sections each of 7.0 cm length and 6 lateral sections of equal size.











LabTech Notebook V 7.0 
Software
DAS16 A/D Board
Figure 5.7: A Schematic Diagram of the Data Acquisition System
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As a result, 180 soil samples are taken from the first pilot-scale test; each sample 
represents a soil volume of (7.0 cm x 15.2 cm x 25.4 cm). The same procedure is 
used for the second pilot-scale test but with a change in size of sections. Each cell 
of this test is divided into five horizontal layers with the top layer being layer 1 and 
the bottom layer being layer 5. Each layer is divided into 10 longitudinal sections 
and 4 lateral sections of equal size. Figure 5.8 displays a schematic diagram of these 
sections in the second pilot-scale test. Consequently, each cell in the second pilot- 
scale tests is divided into 200 samples of equal volume (7.0 cm x  22.8 cm x 15.2 cm). 
A total of 400 samples are collected for the second pilot-scale test. Each cell of the 
third pilot-scale test is divided into three horizontal layers with the top layer being 
layer 1 and the bottom layer being layer 3. Each layer is divided into 10 longitudinal 
sections and 2 lateral sections of equal size. Consequently, each cell in the third 
pilot-scale tests is divided into 60 samples of equal volume (7.0 cm x 45.6 cm x 25.4 
cm). A total of 80 samples are collected at the end of processing the third pilot-scale 
test.
Soil sampling for chemical analyses during processing of the pilot-scale tests are 
accomplished using sampling probes of 2.54 cm (1.0 in)  diameter and 61.0 cm (24.0 
in) length. These probes are used to take core samples at three different elevations in 
the soil, each sample represents one third the depth. Each sample is oven dried and 
mixed thoroughly. Chemical analyses are then made for these specimens as described 
before. Locations for sampling points are shown in Figure 5.9.
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Figure 5.8: Sampling Locations and Enumeration of Samples in the Second Pilot- 
Scale Test
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Two bench-scale tests (BST) and three pilot-scale tests (PST) are conducted. 
Experiment related parameters in these tests are summarized in Table 6.1. Initial 
conditions, such as dry densities, porosities, degree of saturation, and soil pH are 
similar in almost all tests. Initial lead concentrations are similar in the bench-scale 
tests and the second pilot-scale test PST2; both being above the cation exchange 
capacity of Georgia kaolinite. The current densities are 0.127 mAjcm?  in bench-scale 
tests and 0.133 mA/crn^ in pilot scale-tests. All kaolinite specimens are prepared at 
a water content of 44%, while the sand/kaolinite specimen (PST3) is prepared at a 
water content of 24%. These water content levels are chosen to bring the soil above 
the optimum water content, which is 31% for kaolinite (Table 5.2) and 20% for 1:1 
sand/kaolinite mixture (Nyeretse 1985).
Bench-scale tests (BSTl and BST2) are conducted using kaolinite samples at 
an initial pH of 4.6 and loaded with lead at a concentration of 1,439 fig/g. The 
two tests differ in processing periods; the first was disassembled after one week of 
processing (169 h), while the second, after three and a half weeks of processing (598 
h).
The first pilot-scale test (PST l) is conducted using kaolinite spiked with lead at 
an initial concentration of 856 (igjg and an initial pH of 4.7. The electrode support 
used in PSTl is different than that for the other pilot-scale tests (PST2 and PST3). 
A trench is not used in PST l for the electrodes. Electrodes are placed in auger holes
154
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Table 6.1: Initial Conditions for Bench-Scale and Pilot-Scale Tests
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Parameter BST l BST2 PST l PST2 PST3
Current [mA) 10.0 10.0 850.0 1,700.0 1,700.0
Dimensions 
Width (cm) 91.4 91.4 91.4
Depth (cm) - - 70.0 70.0 70.0
Length (cm) 10.0 10.0 70.0 70.0 70.0
Diameter (cm) 10.0 10.0 - -
Duration (hr) 169 598 1,300 2,950 2,500
Current Density [fiAfcrri^) 127.3 127.3 132.8 132.8 132.8
Initial Soil pH 4.6 4.6 4.7 4.5 4.2
Initial Concentration {fig/g) 1,439 1,439 856 1,533 5,322
Initial Water Content (%) 44.0 44.0 44.1 44.3 24.6
Initial Dry Density {gjcm^) 1.23 1.23 1.22 1.22 1.80
Initial Saturation (%) 91 91 91 91 90
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and they are separated from each other. The decision to use a trench and plexiglas 
support in PST2 and PST3 was taken to allow homogeneous pore fluid chemistry in 
the catholyte and anolyte.
Unfortunately, the liner in one of the two cells in PST l is punctured while com­
pacting the clay leading to a leakage of the liquid in one of the cathode compartments. 
It is decided to shut down that cell and continue processing with the other half of the 
box by applying half the electric current. Soil samples were not taken for chemical 
analysis in this test because the cell was the instrumented one. The test is continued 
for a total period of 1,298 h. At the end of processing, the soil is divided into three 
layers for analysis; top, middle, and bottom. Each layer is divided into longitudinal 
and transverse sections, as described in Section 5.11, and analyzed.
The second pilot-scale test (PST2) is conducted on kaolinite loaded with lead 
at a concentration of 1,533 ^g/g  and at a pH of 4.5. The processing time for this 
test is 2,952 h. At the end of processing, the soil is divided into horizontal layers at 
five depths for analysis. Each layer is then divided into longitudinal and transverse 
sections and analyzed for final lead concentration and pH (Figure 5.8). The first 
set of soil samples is taken for chemical analysis after one month of processing. 
These samples displayed significant amounts of lead transport across the specimen. 
Since one objective of the study was to compare the transport in the pilot-scale 
test with predictions of the theoretical model, it is found necessary to conduct a 
third pilot-scale test (PST3) with more frequent sampling within the first month. 
A kaolinite/sand mixture is used in this third test instead of only kaolinite. This 
change is made in order to minimize the volume change expected during processing. 
Excessive volume changes lead to development of cracks and disfunctioning of the 
tensiometers. PST3 is used for comparison of the predictions of the theoretical model 
with the results of the experiment. The result in this test are documented in the 
next chapter and Appendix D.
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6.2 C atholyte and A nolyte pH
In all cases, it is essential to scrutinize the changes in the pH of the catholyte, 
anolyte, and the soil. Changes in the anolyte and catholyte pH values in time 
are displayed in Figure 6.1 for BSTl and BST2, Figure 6.2 for PSTl and PST2. 
Similar trends are noted. Electrolysis reactions at the electrodes are expected to 
cause oxidization of the anolyte, decreasing its pH, and reduction in the catholyte, 
increasing its pH. The results of all bench-scale tests and pilot scale tests demonstrate 
an initial increase in the catholyte pH to about 10-11 and a decrease in the anolyte 
pH to less than 2.
Most changes in the catholyte and anolyte pH values are realized within the 
first 100 hours of processing. The rates of changes in these values due to electrolysis 
reactions are primarily controlled by the charge flux (i.e. current density). In pilot- 
scale experiments, a total current of 1.7 A is applied at the anode with 0.85 A  passing 
through each cathode. Utilizing Faraday’s law for the equivalence of mass and charge 
(I =  ^ Z j F J j  Equation 3.19), assuming that all this charge is expended to generate
at the anode and 0 H ~  at the cathode, assuming steady state conditions, and 
neglecting any other chemical reactions at the electrodes, the applied currents of 
0.85 A across each cell will generate 8.8*10“® mole 0 H ~  j s  at each cathode and 
1.8*10“® mole H'^/s at the anode. Consequently, the rates of increase in 0 H ~  
and concentrations at the electrode compartments are approximately 7.5*10“® 
mole 0 H ~ /I h  at the cathodes and 1.5*10“® mole H'  ^j lh  at the anodes (the volume 
of anode and each cathode compartment is 70.21 I). If the initial catholyte and 
anolyte pH is within the range of 5-8 (7 in the pilot-scale tests) then 100 hours of 
processing will increase the cathode 0 H ~  concentration to about 7.5*10“  ^ mole j  I 
which corresponds to a pH of about 11. At the same time, 100 hours of processing 
will increase the anode H'  ^ concentration to 1.5*10“® molefl  or a pH of 2.8. If the
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(a) PSTl Current Density=0.133 mA/cm 
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Figure 6.2: Catholyte and Anolyte pH Changes with Time in (a) PST l and (b) PST2
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same conditions are held for 1,000 hours, the cathode pH will increase to about 12 
and the anode pH will drop to 1.8. This rate of increase in the anolyte and catholyte 
pH is due to the logarithmic nature of the pH scale. While the concentration 
changes linearly with time, the pH is determined logarithmically. Consequently, most 
pH changes are observed to occur at the early stages of the process (within the first 
100 k of processing).
Other factors that may affect changes in the catholyte and anolyte pH include 
the water auto-ionization reaction and electrodeposition reactions. Some of the 
and 0 H ~  generated by electrolysis reactions at the electrodes will react to produce 
water in the soil pores, in accordance with the mass equilibrium of the water auto­
ionization reaction [cu cqh =  Kw)- Increase of the concentration of lead in the 
cathode compartment, as a result of transport processes, will cause the following 
competitive electrodeposition reaction,
P 9 +  +  2e" — > Ph{s) E° =  -0 .1261/ (6.1)
The results of BST2 display that around 44% of initial lead is found precipitated 
and/or electrodeposited on the cathode, while in PST2 less than 1% is found on the 
cathode (the results of final lead distributions are presented in Section 6 .6). The 
main procedural difference between the two tests is the placement of the cathode. 
The electrodeposition reaction must have affected the catholyte pH in bench-scale 
tests when the electrodes are held in contact with the soil specimen. This effect may 
be the cause of the gradual decrease in catholyte pH in BSTl and BST2 after 100 
h of processing. The final catholyte pH recorded in these tests is around 9. On the 
other hand, concentrations of PP"^ in the catholyte in pilot-scale tests are not high 
enough to stimulate any electrodeposition of lead on the electrodes. Therefore, for 
unenhanced applications the water auto-ionization reaction and/or lead electrode­
position reaction may atter the efficiencies of electrolysis reactions when the pH of
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the effluent increases to around 11. If the pH of the catholyte remains within 7 to 
11, then the electrolysis reaction are expected to be mainly water reduction.
6.3 Soil pH
Distributions of pH across the soil at the end of processing BSTl and BST2 
illustrate the advance of the acid front developed at the anode towards the cathode 
(Figure 6.3). The anode region shows a soil pH of less than 2 while the cathode 
region shows a final pH of 4 to 5, which is in the range of the initial soil pH (the 
terms anode and cathode regions are used in the manuscript to represent the region 
between the electrodes and midsection of the soil specimen).
The final pH distributions across the pilot-scale soil specimens are shown in 
Figure 6.4 for the middle layer in PST l, Figures 6.5 and 6.6 for Cell A and Cell B of 
the middle layer in PST2 (layer 3). Data for final pH distributions in all bench-scale 
tests and pilot-scale tests are presented in Appendix D. One-dimensional pH profiles 
across the soil specimen are similar and they do not display significant changes with 
depth. The results also display that the pH within the anode region decreases to 
about 2.5 in PSTl and to 1.5 in PST2, while the cathode region the pH stays within 
the initial value in both tests (4.7 in PSTl and 4.5 in PST2). Slight differences 
at the anode region between the two tests could be related to the differences in 
processing (2950 h for PST2 and 1298 h for P ST l). Mean and standard deviation of 
pH distributions across the two cells in PST2 are displayed in Figure 6.7. The acid 
front is depicted at a distance of 30 to 35 cm from the anode in PST2 after 2950 h. 
For P ST l, the acid front is at a distance of 16 to 18 cm  from the anode after 1298 h.
The rate of advance of towards the cathode could be evaluated using mea­
sured pH changes across the specimen with time. The results from PST3 are used 
for the purpose. pH changes in time in PST3 are plotted for certain points along
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the specimen (5 cm, 15 cm, and 25 cm from the anode). The time required to reach 
a specific pH value in these points is recorded as shown in Figure 6 .8a. A pH value 
of 3 is taken as the reference value because it is equal to 50% of the change in the 
anode pH. The two points selected in the soil are at a distance of 5 cm and 15 cm 
from the anode. The time required for these points to reach a pH of 3 is 5 days for 
the first point and 15-16 days for the second point (Figure 6 .8a). Figure 6 .8b shows 
the relation between the distance from the anode and the time required to reach a 
pH of 3. The slope of the line is approximately 1.0 cm/d  and is a good estimate for 
the rate of advance of the acid front in this test. The molecular ionic mobility of 
at infinite dilution is 313 cm?jVd  (Table 3.3). When an average tortuosity of 0.45 
and a porosity of 0.56 are used, the theoretical value of effective ionic mobility is 79 
cm?/Vd.  Considering an average voltage gradient of 0.1 Vjcm  recorded in the anode 
section of the cell, the rate of advance of the acid front is 8.0 cm /d  (if there would be 
no retardation due to sorption, autoionization, and/or aqueous phase reactions). It 
is noted that the calculated rate of transport under ionic migration overestimates the 
measured value. Differences between the calculated and measured rates of transport 
of are discussed further in Section 7.3.
6.4 Electric Potential
Figure 6.9 shows the changes in the total voltage across BSTl and BST2. The 
total voltage applied across the first specimen increases with time to about 40 V  
(electric gradient of 4.0 V/cm)  after 169 h of processing. In the second specimen, 
the voltage increases to about 50 V  (5.0 Vjcm)  in the first 150 A and remains within 
that range. The total voltage applied across the soil specimen in PST l increases 
linearly with time to about 180 volts in the first 900 h and then to around 200 volts 
at the end of the test resulting in a final voltage gradient of 2.9 V/cm  (Figure 6.10).
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Figure 6.9: Changes in the Total Applied Voltage in (a) B ST l and (B) BST2
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The total voltage applied across each cell in PST2 demonstrates changes similar to 
those of BST2 and P ST l. The total applied voltage increases linearly in the first 
900 h to about 150 volts (2.1 V/cm)  and remains steady around that value. Total 
voltage in PST3 shows slight differences when compared with P ST l and PST2. For 
the first 300 h of processing, PST3 did not show an increase in the total voltage. 
Subsequent to this “induction” period, the voltage increases to about 170 V after 
1000 h and then increases slightly to about 200 V.  Differences in the first 300 h in 
PST3 may be related to differences in the initial pore fluid chemistry.
The total voltage applied across each specimen depends upon the chemistry de­
veloped across the medium, since the electric conductivity of the soil is a function 
of the ionic strength of the soil pore fluid. Generally, the soil pore fluid is composed 
of a multicomponent solution of different species such as lead, hydrogen, calcium, 
sodium, nitrate, chloride, and hydroxyl ions. High initial concentrations of these ions 
result in a high ionic strength and a high pore fluid electric conductivity. Initially 
the soil specimens in both bench-scale and pilot-scale tests have a uniform distribu­
tion of the electric conductivity, as there is a uniform distribution of charged species, 
pH, and ionic strength. However, multispecies transport under the applied electri­
cal gradient redefines the electric conductivity distribution across the soil. Electric 
conductivity changes significantly from one position to another depending upon the 
pH and ionic strength. Therefore, the term “apparent” conductivity, Ka, is used in­
stead of the effective electric conductivity (Acar et al. 1994). gives an equivalent 
conductivity value for the medium across the electrodes disregarding the discrete 
changes in conductivity across the soil. In other words, the soil across the electrodes 
is assumed to behave as a series of resistors and the apparent conductivity represents 
an equivalent value for all the resistors. The apparent electric conductivity of each 
sample is evaluated by.










• - P S T 2  
—  PST3
0 500 1000 1500 2000 2500 3000
Time (h)
Figure 6.10: Time Changes in the Total Applied Electric Voltage in P ST l, PST2, 
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'^ “ =  0  =  7
where E  is the voltage applied (V), is the total electric current (A), L is the 
specimen length (cm), A is the cross-sectional area of the specimen (cm^), is 
the electric current density Afcm?,  is the electric gradient V/cm, and Ka is the 
apparent conductivity of the soil in Sjcm.
Pilot-scale tests show that the specimens are relatively conductive (greater than 
1,000 fiSfcm,  which is about the maximum conductivity of potable water). Figure 
6.11 displays that the apparent conductivity in bench-scale and pilot-scale specimens 
decrease with time until they reach a constant value (or steady state condition). 
Similar findings are reported by Hamed et al. (1991). The decrease in apparent 
electric conductivity occurs in the first 100 h of processing bench-scale tests and 
within the first 800 h to 1000 h of processing pilot-scale tests. It is noted that the 
apparent electric conductivity of PST3 is higher than those of PST l and PST2 in the 
first 500 h, and decreases sharply after that time. The higher electric conductivity 
in the first 500 h is the reason for the delayed increase in the total voltage applied 
across PST3 (Figure 6.10). The high initial lead concentration in the soil pore 
fluid renders high ionic strength and electric conductivity. The results display that 
changes in species concentration within the first 500 h of processing PST3 do not 
have a significant decrease in the electric conductivity of the pore fluid. However, the 
sharp decrease after this stage may be directly related the precipitation of lead at its 
hydroxide solubility limit or due to the effect of the high pH environment developed 
near the cathode.
The steady state values of the apparent electric conductivity are around 30 
f iSlcm  in bench-scale tests and around 50-70 n S /c m  in pilot-scale tests. Though 
these values are higher in the pilot-scale tests than the bench-scale tests, they all
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fall within the same range, which is about the electric conductivity of a good city 
water.
As the electric current passing through a unit area is constant in time and 
space, the change in the electric conductivity of the medium will be accompanied by 
the change in the electric gradient in order to maintain a constant current density. 
Accordingly, the total applied voltage increases with time until it reaches a steady 
state value. At this time, the chemistry across the soil becomes independent of time. 
Figure 6.10 displays that most of the voltage increase occurs in the first 1000 hours 
of processing of pilot-scale tests, with an increase of up to about 190 V  in the first 
test, 150 V  in the second test, and 200 V  in the third test. The rate of increase of the 
total voltage in these tests is almost constant and is within the range of 0.15 to 0.2 
V/h.  This suggests that the change in total ionic concentration of the soil specimen 
is constant with time and implies that the rate of depletion of the ionic species from 
the total soil mass due to transport and removal or due to precipitation or sorption 
reactions must be constant in time.
Electric conductivity of the soil in bench-scale and pilot-scale tests decreases 
in time until it reaches a steady state value. This finding cannot be generalized for 
all types of pore fluid chemistry and soil type. In soil specimens prepared for this 
study, lead nitrate salt is initially dissolved in a low pH solution { H N O 3 acidified) 
and then mixed with the clay. For this case, almost all the lead and the other species 
are present in ionic form in the soil pore fluid and are ready to be transported 
under electrical gradients resulting in relatively high initial electric conductivities. 
In naturally contaminated samples, significant amounts of contaminants are expected 
to be present as salt precipitates in the soil. In a study of in-situ remediation of heavy 
metals by electrokinetics, Lageman (1993) reports that some sites with high initial 
salt concentrations showed an increase in the electric conductivity after application 
of the electric fields. When the chemical species are present in the form of salts
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and the ionic conductivity of the pore fluid is low, the resistance to charge flux will 
be high leading to high voltage gradients. Transport of the acid generated at the 
anode across the specimen results in dissolution of the salts, increasing the ionic 
conductivity in the pore fluid, and decreasing the voltage gradient. However, if 
the process is continued unenhanced until the species in the pore fluid are removed 
from the soil, the ionic conductivity will again decrease pushing the voltage gradient 
up again. If enhancement techniques are used, then introduction of chemicals at the 
cathode or anode compartments will result in species transport into the soil, affecting 
the electric conductivity of the pore fluid.
6.5 Electric P otentia l D istribution
The electrical potential profiles across the specimens are displayed in Figure 6.12 
for BSTl and BST2, Figure 6.13 for PSTl and PST2. All tests demonstrate similar 
behavior in voltage profiles. First, a relatively linear distribution is developed due to 
the uniform distribution of charged species across the specimen. In time, the profile 
becomes nonlinear. Most of the voltage drop is observed to develop in the soil near 
the cathode, implicating development of a zone of high electric resistivity. On the 
other hand, only a small decrease in the voltage is realized within the anode region. 
Most of the change in the electric potential distributions is observed to occur within 
the first 100 A of processing in bench-scale specimens and within the first 1000 h 
of processing in pilot-scale specimens. The electrical potential distribution seems to 
reach a steady state condition after this amount of processing.
Changes in the electric conductivity across the soil and the corresponding vari­
ations in electric voltage distribution are related directly to the electrochemical 
changes in the soil pore fluid; mainly the ionic strength and pH. The effect of pH on 
the electric conductivity is quite significant in electrokinetic soil remediation. The







29 h 118h 
140h 
169 h




























Distance From Anode (cm)
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effect of soil pH on the conductivity must be evaluated by considering the contribu­
tion of only //■*■ and 0 H ~  concentrations on the conductance of the soil medium. 
The contribution of all other ions is assumed to be negligible. The initial pH of the 
kaolinite mixture is less than 5 in most cases which indicates that most of the electric 
current is carried by the ions. The effective electric conductivity of the soil in 
this ca-se can then be evaluated by,
^  (D'h ch +  D qu Com) (6.3)
At infinite dilution the value of £>0// 0.57 times (Tables 3.3 and 3.4),
n*
cr" =  {c ji -h 0.57 c q h ) (6.4)
Assuming that the initial soil pH is 5 then the initial effective electric conductivity 
will be,
p2 n* p 2 /-)•
a- =  (10 -: +  0.57*10-® ) «  lO"® (6.5)
For kaolinite with a tortuosity factor of 0.45 and porosity of 0.56, Equation 6.5 
renders an initial electric conductivity of about 1 m S /c m  (neglecting presence of 
other species). The contribution of 0 H ~  is neglected because the contribution of 
H'^ on the electric conductivity is four orders of magnitude higher than that of 0 H~.
Electrolysis reactions will increase the concentration at the anode decreas­
ing the soil pH at the region to about 2. Consequently, the electrical conductivity 
within this region will increase up to % 10“  ^ (F^D^IRT) ,  which is about 3 orders 
of magnitude higher than the initial conductivity. For example, if the pH at the
cathode region increases to 8, the electric conductivity would be,
n* p 2 n*
or*= (10 -: -b 0.57*10-® ) % - ^ 5 . 7 * 1 0 - "  (6 .6)
which is two orders of magnitude less than the initial conductivity (Equation 6.5).
Furthermore, the increase in cathode pH as a result of electrolysis reactions will 
lead to precipitation of most heavy metals, decreasing the ionic concentration in the
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pore fluid. Consequently, the electric conductivity of the soil pore fluid within that 
zone will also decrease. Therefore, the analogy of series resistors may well be a good 
representation of the electrical conductance across the soil. Small voltage drops will 
occur at the lower resistivity zone (anode region) and most of the voltage drop will 
be realized at the interface of the acid/base front (the soil zone near to the cathode).
6.6 Pore W ater Pressure
Electroosmosis is pore fluid transport through soil under an electric field. Mea­
surement of electroosmosis requires application of an electric gradient across the soil 
without any hydraulic head difference (or accounting for any flow under hydraulic 
or other gradients). Though no hydraulic head difference is applied across the elec­
trodes in the pilot-scale tests, negative pore water pressure is developed across the 
specimen. This negative pore water pressure will contribute to the pore fluid flow. 
Consequently, a coupled hydraulic flow occurs under the applied electric gradient and 
the generated hydraulic gradient; even though a head difference is not applied across 
the electrodes. Assessment of the electroosmotic flow across the specimen requires 
investigating the effect of development of negative pore water pressure on the pore 
fluid flow.
Figure 6.14 shows the development of negative pore pressure across PST2. The 
first tensiometer located at a distance of 14 cm from the cathode (TENl in Figure 
5.9) shows an increase in suction to about -70 kPa  within the first 150 h. Suction 
starts after about 200 h in TEN2 (28 cm from cathode) and after 300 h in TENS 
(42 cm from cathode). TEN4, which is the nearest to the anode (14 cm from anode) 
does not display any significant change. It is noted that suction is first developed 
near the cathode and slides back to the middle parts of the specimen. Dissipation
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of suction in TENl and TEN2 occurs after 500 h of processing and in TEN3 after 
1000 h. Data for all tensiometers readings in time are presented in Appendix D.
The electric potential distribution across the soil in PST2 demonstrates that 
most of the electric potential drop is confined to the soil section close to the cathode 
(Figure 6.13). The high electric gradient within that zone (up to 10 F /cm ) results in 
higher electroosmotic flux than the soil within the anode zone. In kaolinite specimens, 
the hydraulic conductivity is relatively low (in the order of 10“  ^cm/s).  Consequently, 
there will be insufficient pore fluid flow from the anode region towards the cathode 
to balance the electroosmotic flow developed at the cathode. A negative pore water 
pressure (suction) is developed at that region to balance the prevailing electroosmotic 
flow. For constant current conditions, the suction values are expected to depend upon 
the variation of the electric gradient distribution {die/dx  where is the electric 
gradient) and the ratio of the coefficient of electroosmotic permeability to hydraulic 
conductivity (ke/kh).
The soil within the cathode region (up to 42 cm from the cathode) is the sec­
tion that demonstrates change in the pore water pressure. The electric potential 
distribution across PST2 (Figure 6.13) shows that most of the electric drop occurs 
within this region. Figure 6.13 also shows that the electric drop occurs first near 
the cathode and then it advances towards midsections. The electric potential drop is 
realized within 10 cm from the cathode after 210 h, 28 cm from the cathode after 300 
h, 35 cm from the cathode after 400 h. After 500 h the electric drop is within 45-50 
cm from the cathode and remains at this zone till the end of processing. Figure 6.15 
shows a comparison between the electric potential profile and suction profile across 
the specimen after 300 h and 500 h. These comparisons clearly demonstrate that 
the locations of the highest suction developed is where the drop in electric potential 
occurs (where di^/dx  is the maximum).
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Figure 6.14: Pore pressure Developed in Tensiometers with Time in PST2











"0 Pore Pressure (300 h)
— ©—  Electric Potential (300 h)
-80
-100
0 40 5010 20 30 60 70







0  Pore Pressure (500 h)
— 0 —  Electric Potential (500 h)
-80
-100












Distance from Anode (cm)
Figure 6.15: Comparison of Electric Potential Profile with Pore Pressure Profile in 
PST2 after 300 h and 500 h
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6.7 Pore Fluid Flow
The first pilot-scale test (P S T l) is the only one that displayed pore fluid flow 
under the applied electric field among the three pilot-scale tests. Electroosmotic pore 
fluid flux is a function of the coefficient of electroosmotic permeability and the electric 
gradient; therefore, changes in the electroosmotic flow are expected to be either due 
to a change in the electric gradient or a change in the coefficient of electroosmotic 
permeability. However, other factors also are expected to affect measurement of any 
electroosmotic flow in pilot-scale specimens. These factors include the effect of any 
generated pore pressures, and boundary effects in the experiment.
Differences in the fluid flow between the three pilot-scale tests could be related 
to differences in the initial chemistry of the soil pore fluid. Increasing initial lead 
concentration in the soil above the cation exchange capacity will increase the con­
ductivity of the pore fluid and decrease the voltage gradient across the specimen. A 
decrease in the voltage gradient results in a decrease in the electroosmotic flow if the 
electric current is kept constant.
Ionic strength of the soil pore fluid is expected to have a significant effect on 
charge transport in the diffuse double layer (or surface current). An increase in the 
electric conductivity of the pore fluid due to an increase in ionic strength will decrease 
the fraction of the total electric current that passes through the double layer. Figure 
Z.hiii shows that the soil free pore fluid and soil diffuse double layer can be simulated 
by two resistors that are connected in parallel. The electric current passing through 
each resistor depends on the resistivity of each layer; lower the resistivity, higher will 
be the current. Consequently, increasing the pore fluid ionic strength will increase 
the conductivity, increase the current component passing through the pore fluid, 
and decrease relatively the current component passing through the double layer, 
if the surface charge remains a fixed amount. Classical theories of electroosmosis
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(Helmholtz-Smoluchowski theory) postulate that electroosmotic flow is a result of the 
current passing through the diffuse double layer due to transport of the excess charge. 
Accordingly, a decrease in the electric current passing through the double layer will 
decrease the electroosmotic flow. Furthermore, decreasing the soil pH and increasing 
the electrolyte concentration of the soil pore fluid will decrease the thickness of the 
diffuse double layer. This is also expected to decrease the surface charge density 
of the soil particles, and the zeta potential (Hunter 1981), and consequently the 
coefficient of electroosmotic permeability.
It should be noted that there are other differences between the first pilot-scale 
(P S T l) and the other pilot-scale tests. Differences in the placement of electrodes 
may have also affected the flow. The electrodes are held in separate auger holes in 
P S T l, while they are held in trenches only in PST2 and PST3. Furthermore, cracks 
are developed in the soil specimen only in the case PST l and they were not detected 
in PST2 and PST3. It is not clear how all of these factors may affect the flow.
Figure 6.16 displays that the pore fluid flow starts after 400 h of processing in the 
first pilot-scale test. The total volume of water collected increases linearly with time. 
After 1,298 h of processing, 370 / of water is collected. The corresponding apparent 
coefficient of electroosmotic permeability is displayed in Figure 6.17. It should be 
noted that the value of fee calculated from the expression {k  ^ =  qLfV)  is an apparent 
or bulk value, since q and V  differ from one position to another and so does the 
zeta potential due to differences in pore fluid chemistry and pH. Furthermore, the 
developed suction is expected to influence the flow. The equivalent hydraulic head 
difference generated by the suction will cause pore fluid flow towards the section 
with the highest suction. In other words, pore fluid flow can occur from the cathode 
and the anode compartments towards the section with highest suction but the net 
flow will be towards the cathode. However, for soils with hydraulic conductivity of 
10“  ^ c m /s  and electroosmotic permeability of 10~® cm^jVs,  the hydraulic gradient
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Figure 6.16: Pore Fluid Flow in PSTl
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should be one order of magnitude higher than the electric gradient in order to affect 
the flow significantly. Furthermore, the electroosmotic flow depends on the zeta 
potential, which is a function of the soil pH. The decrease in pH across the soil 
within the anode zone to less the 2 may reverse the sign of the zeta potential. In 
this case, the electroosmotic flow may reverse its direction and a flow may prevail 
from the cathode to the anode (Eykholt 1992). All these factors affect the pore fluid 
collected in the cathode in a complex manner.
The coefficient of electroosmotic water transport efficiency, k{, formalizes the 
volume of water transported by a unit charge and it is given by
k{ =  I  (6.7)
The value of k{ is expected to change with time depending upon the value of g if /  is 
constant throughout the process. If the incompressible medium assumption is made 
and neglicting the effects of pore fluid chemistry and pH on the zeta potential, then 
ki will also have a constant value across the specimen at any specific time; however, 
the soil undergoes a consolidation process and the experimental results demonstrate 
volume change across the specimen. Therefore, the value of ki is also expected to 
vary from one position to another at any specific time.
Bench-scale studies reported by Hamed (1990), Eykholt (1992), and Acar et 
al. (1994) display different electroosmotic flow efficiencies. Most of these bench- 
scale studies are conducted with kaolinite specimens spiked with lead, cadmium, 
chromium, and copper species at concentrations less than the cation exchange ca­
pacity of the soil. The evaluated coefficients of electroosmotic flow for these tests are 
in the range of ID"® to 10“  ^ cm ^/Fs. Hamed (1990) and Hamed et al. (1991) also 
demonstrated that for bench-scale tests conducted using 10 cm specimens, there is 
an electroosmotic fluid flow only within the first 100 hours of processing and this 
flow decreases with time. Consequently, the coefficient of electroosmotic permeabil­
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ity measured in these tests increases within the first 100 /i to about 2x10“® cm^jVs  
and then decreases to around 1x10“ ' cm'^/Vs after about 500 h of processing.
PST l shows that kg increases with time to 10“® cm?jVs.  This contradicting 
behavior in PSTl compared to the results of Hamed (1990) and Hamed et al. (1991) 
may be related to the differences in the setup of bench-scale tests and pilot-scale 
tests. The open surface of the soil specimen may have a two dimensional effect 
on the fluid flow. Furthermore, the volume change in PSTl may have resulted in 
development of cracks across the specimen and also some separation zone appeared 
between the soil and the liner along the sides near the cathode. These factors may 
significantly affect the fluid flow rendering a flow and an apparent k^  value.
6.8 Ionic M igration vs Electro osm osis
The relative contribution of electroosmosis and ion migration to the total mass 
transport varies for different soil types, pore fluid concentration, and processing con­
ditions. Under electric fields, Acar and Alshawabkeh (1993) propose a dimensionless 
mass transport number, Ag,
K  =  -^  (6.8 )
which defines the relative contribution of the migrational mass flux with respect to 
the electroosmotic mass flux under a unit electric gradient. Figure 6.18 presents the 
change in transport number, Ag, for different species. Coefficients of electroosmotic 
permeability in this figure are obtained from the results of Hamed (1990), Hamed et 
al. (1991), and Acar et. al (1994). Figure 6.18 demonstrates that the rate of mass 
transport by ion migration is orders of magnitude higher than that by electroosmo­
sis. Ionic migration is expected to be the primary transport mechanism for ionic 
species under electric gradients. Furthermore, the results of bench-scale tests and 
pilot-scale tests conducted in this study at concentrations higher than the cation ex-
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Figure 6.18: Relative Significance of Migration with Respect to Electroosmosis
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change capacity of the clay demonstrate that there is no electroosmotic flow. In such 
cases ionic migration will be the, primary if not the only, effective mass transport 
mechanism.
6.9 Volum e Change
Figure 6.19 gives the water content profiles in bench-scale tests. A decrease 
in water content in mid-parts of the specimens is accompanied by a corresponding 
increase near the electrodes (swelling). Similar observations are made in the pilot- 
scale tests (Figures 6.20, and 6.21). Data for final water content distributions in all 
layers are presented in Appendix D.
The change in water content across the soil is a direct indication of change in pore 
water pressure and the effective stresses. Since the total stress across the specimen 
is kept constant, development of suction will be accompanied by an increase in the 
effective stress. Consolidation will occur due to the changes in the effective stresses 
and release of the generated suction will accompany the consolidation process. The 
rate of change in suction is dependent on the soil hydraulic conductivity, coefBcient 
of electroosmotic permeability, and coefficient of volume compressibility of the soil 
medium.
Figure 6.19 demonstrates that the decrease in water content in the shorter dura­
tion test (B ST l) is less and closer to the cathode than that in BST2. This indicates 
that more volume change occurred in the longer duration test. Furthermore, vol­
ume change progresses from section close to the cathode to the midsection of the 
specimen.
Figures 6.20 and 6.21 show that the water content decrease at middle parts of 
PST2 to about 32% while at the cathode and anode increase to 46-48 %. The increase 
in water content near the electrodes is observed in all specimens. The support used
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Figure 6.19: Final Water Content Distribution in Bench—Scale Specimens
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for the electrodes does not provide confinement to the soil near the electrodes. The 
soil is in direct contact with the fluid in the electrode compartments. When intact 
clay gets in direct contact with water without confinement, clay will disperse into the 
adjacent water (Mitchell 1993). Swelling will occur as a result of water adsorption 
by the clay.
Final water content distributions across the soil specimens show similar patterns 
in both these bench-scale tests and pilot-scale tests. A decrease in water content 
is depicted at midsections of all specimens. Since total stress in the soil is constant 
and does not change with time, the increase in the negative pore water pressure 
will be accompanied by an increase in the effective stress. Consolidation will occur 
due to the changes in the effective stresses and release of the generated suction will 
accompany the consolidation process. The rate of change in suction is dependent 
on the soil hydraulic conductivity, the coefficient of electroosmotic permeability, and 
the coefficient of volume compressibility of the soil medium.
The changes in water content across the soil and the suction profile recorded 
across the electrodes cannot be rationalized using the conventional theories of elec­
troosmotic consolidation presented by Esrig (1968), Wan et al. (1976), Lewis et al. 
(1973), Bruch (1976), and Banerjee et al. (1980a). These theories assume constant 
electric potential distribution across the specimen and neglect the effect of electro­
chemical changes on the electric potential distribution. Consequently, negative pore 
water pressure is expected to be generated in the zone near the anode only if an 
impermeable anode is used allowing no water flow from the anode towards the soil. 
These theories will not predict any pore water pressure if both the anode and the 
cathode are kept open for water flow and the water head is kept constant at both 
boundaries.
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Figure 6.20: Final Water Content Distribution in Across Cell A in the Middle Layer 
(Layer 3) of PST2 (a) 3-D Figure and (b) Mean and Standard Deviation
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Figure 6.21. Final Water Content Distribution in Across Cell B in the Middle Layer 
(Layer 3) of PST2 (a) 3-D Figure and (b) Mean and Standard Deviation
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6.10 EfRciency o f Lead Rem oval
Bench-scale tests at a concentration of 1,439 i ig/g  display transport and removal 
of lead across the soil specimens. Final lead distributions demonstrate that the longer 
duration test (BST2) results in a higher degree of removal than the shorter duration 
test (BST l); however, in both tests significant masses of lead are found precipitated 
close to the cathodes (Figure 6.22). Mass balances of lead in both tests at the end 
of processing are presented in Figure 6.23. B STl demonstrates that about 73% of 
the initial lead is transported from sections (1-9) and precipitated in the last section 
near the cathode (section 10). BST2 demonstrates 65% of total lead is removed from 
the soil sample, 96% of which was from sections 1-9. Most of the lead (about 44 
%) is found precipitated and/or electrodeposited at the cathode. Differences in the 
results between the two tests are due to the differences in processing periods; 169 
h for the first test and 598 h for the second test, both at a current density of 127 
gAJcm^.  In general, final lead distributions in these tests display that the removal 
efficiencies are similar to those reported by Hamed et al. (1991) and Hamed (1990).
Three layers at different elevations are analyzed for final lead distribution in 
P S T l. Figure 6.24 presents a 3-D  contour diagram and the mean and standard 
deviation of final lead distribution across the middle layer in this test. Data for 
other layers are presented in Appendix D.
During processing P ST l, the soil at the cathode region showed more consolida­
tion and volume change than the soil at the anode region. At the end of processing 
(1,300 h), cracks were developed across the soil surface (Plate 6.1). These cracks are 
located at midsections of the specimen and close to the cathode. Development of 
such cracks was not anticipated. The top layer of PST2 and PST3 did not show any 
cracks such as those developed in PST l. There is no clear explanation yet for the 
development of these cracks. It is hypothesized that cracks might have been gener-
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Figure 6 .22: Final Lead Concentration Across Bench—Scale Soil Specimens
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Figure 6.23: Mass Balance for Bench-Scale Tests (BST1=169 h, BST2=598 h, 
I(,=127 fiAlcm^ for both)
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Figure 6.24: Final Lead Concentration Across the Middle Layer of P S T l (a) 3-D  
Contour Diagram and (b) Mean and Standard Deviation
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ated in PSTl due to the significant volume change at the cathode region together 
with the loss of support created by the specific electrode support system.
PST l is the first pilot-scale test conducted. The initial lead concentration in 
this test is about half that of PST2 and about 16% of the amount loaded in PST3. 
It is the only test that displays electroosmotic flow. Hence, it is postulated that the 
low initial concentration in this test (compared to concentrations in other pilot-scale 
tests) is the reason for higher electroosmotic flux at the cathode zone, resulting in 
development of higher suction values of up to -90 kPa,  higher effective stresses and 
more consolidation within that zone. At the same time, the anode region did not 
display as much consolidation because less suction is expected to develop at that 
zone. Consequently, the volume change at the cathode zone due to consolidation is 
higher than that at the anode zone resulting in development of cracks at the interface 
(as shown in Plate 6.1). Unfortunately, suction profiles could not be measured in 
this test due to failure of the tensiometers and limited experience with tensiometers 
at the time.
Final chemical analyses of the soil in PSTl show a nonuniform lead distribution 
across the soil mass. Figure 6.24 and 6.25 demonstrate that different sections of the 
soil contained less than 0.1 % of the initial concentration, while other parts contained 
high lead concentrations. It is noted that most of the high lead concentrations are 
found along the cracks. A comparison between final lead distribution in the top layer 
of PST l (Figure 6.25) and locations of the cracks at the surface of the specimen 
(Plate 6.1) clearly demonstrates that the high lead concentrations are cited at same 
locations of these cracks.
Figure 6.26 displays the mass balance in P ST l. Most of the lead is found 
precipitated in the last section close to the cathode, which contained about 54% of 
the initial lead. The soil across the electrodes (excluding the last section) contained 
around 40% of the initial lead; most of it was found in permetivity of the cracks.
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Anode Cathode
Plate 6.1: Surface of the Soil Specimen in P S T l Depicting Development of Cracks 
at Midsections and Near the Cathode
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Figure 6.25: Final Lead Distribution Across the Top Layer of P S T l
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
202
Almost no lead is found in the catholyte because of the high pH. Approximately 1% 
of the initial lead is electrodeposited and/or precipitated at the electrodes.
The second pilot-scale test (PST2) demonstrates successful removal and trans­
port of lead across the soil specimen from the anode towards the cathode. Figures 
6.27 and 6.28 display final concentration profiles across the middle layer of PST2. 
Most of the soil across the top layer (up to the last 7 cm  of the cathode zone) dis­
plays more than 90% removal, with a final concentration of less than 150 figlg.  Most 
parts of the soil demonstrate a final concentration of less than 50 ggig ,  with removal 
efficiencies up to 98% of the initial lead. Some strips in the middle part of the soil 
between the electrodes display concentrations of about 20% of the initial concentra­
tion (or 80% removal). The middle layer of the sample (layer No. 3) demonstrates 
similar behavior at the top layer and at other layers presented in Appendix D. More 
than 90% removal (up to 98% in most parts of the layer) is achieved across the spec­
imen. Strips with 80% removal also appear at certain sections in the middle of the 
specimen. Comparing the results of layer 3 with the other layers, shows that there 
are no major differences in the final concentration distributions between the layers. 
All layers in cells A and B demonstrate that most of the lead is transported to the 
cathode zone.
Figure 6.29 presents lead mass balances in both Cell’s A and B of PST2. The 
two cells show identical and symmetrical final lead distributions. In both cells, about 
80% removal is achieved in the specimen, while 90 % removal is achieved in sections 
1-9. 50% of the lead is found in the last 2 cm near the cathode and about 15% to 
20% is precipitated on the fabric separating the soil from the cathode compartments. 
Almost no lead is found in the cathode compartment (less than 0.01% of the initial 
lead is found in the catholyte and only 0 .02% is precipitated and/or electrodeposited 
on the graphite electrodes). It is noted that the error in mass balance in Cell A and 
Cell B is about 17-19% of the initial lead. The size or volume of the spiked matrix
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Figure 6.26: Mass Balance for PST l (Duration=130ü h, 7^=133 nA/cm^)
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Figure 6.27: Final Lead Concentration Across Cell A in the Middle Layer (Layer 3) 
of PST2 (a) 3-D  Contour Diagram and (b) Mean and Standard Deviation
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Figure 6.28: Final Lead Concentration Across Cell B in the Middle Layer (Layer 3) 
of PST2 (a) 3-D Contour Diagram and (b) Mean and Standard Deviation
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Figure 6.29: Mass Balance for Cells A and B in PST2 (Duration=2950 h, Current 
Density=133 tiAjcm^)
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Figure 6.30: Mean and Standard Deviation of Final Lead Concentration Across All 
Layers in PST2 After 2950 ft at a Current Density of 133 //A/cm^ (a) Cell A and 
(b) Cell B
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
208
is not specified. In bench-scale tests, soil mass is more under control than pilot- 
scale tests. The whole bench-scale specimen is divided into section and analyzed 
rendering high percent recovery. However in pilot-scale tests, representative samples 
are taken from the soil for analysis, and not the whole sample. Therefore, more error 
is expected in pilot-scale tests. In any case, a percent recovery of 80-85% of the 
initial lead is achieved, which would surpasses EPA requirements [80-120% (Simes 
1989)].
The results of PST2 show the efficiency of the process in transport of Pb  across 
the specimen towards the cathode. The lead input in the soil system is in the 
aqueous phase since the initial soil pH is about 4-5. This facilitates transport of lead. 
Although lead adsorption on the soil particles is expected to retard its transport, the 
results show that adsorption did not have any significance on lead removal. The final 
lead concentration in most parts of the specimen is found to be less than 150 ngfg  
which is much below the cation exchange capacity of the soil.
Soil type, pore fluid chemistry, and pH are the major factors that affect lead 
sorption and retardation. As presented in Table (2.2), lead is highly retarded and 
adsorbed on clay minerals. Kaolinite is the mineral used and it has low sorption 
capacity compared to other minerals (such as montmorillonite or illite). The cation 
exchange capacity for Georgia kaolinite is 1.06 meç/lOO^m of dry soil (Table 5.2); 
which is much less than that for other minerals (80-150 meç/lOO^m for montmoril­
lonite and 10-40 m eg/100 for illite). Therefore, Georgia kaolinite is not expected to 
show significant retardation to lead transport. The presence of illite and montmoril­
lonite in natural deposits is expected to cause a more significant retardation of lead 
transport. Furthermore, the soil pH is initially around 4 and decreases to less than 
2 (especially near the anode) resulting in desorption and dissolution of lead into the 
pore fluid. Such conditions in low sorption capacity soils and acidic conditions result 
in almost no retardation in lead transport.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
209
PST2 displays different results than bench-scale tests in the mass of lead pre­
cipitated and/or electrodeposited at the electrodes. In PST2 about half of the initial 
lead is precipitated in the last 2 cm near the cathode, with almost no lead found 
on the cathode, whereas in BST2 most of the initial lead is found at the cathode. 
The differences between these tests are related to the differences in placement of 
electrodes. In pilot-scale tests, the electrodes are placed in compartments filled with 
water and separated from the soil with a fabric. This differs from bench-scale tests 
where the electrodes are separated from the soil by only a filter paper that is in direct 
contact with the soil and the electrodes. Lead precipitation within the last section 
near the cathode in PST2 is due the high pH within that region. This section is in 
direct contact with the cathode compartment that has a pH of 11. It is necessary 
that the lead be dissolved in order to transport into the catholyte which necessitates 
a very high or low pH in the catholyte. Research ongoing at LSU and Electrokinetics 
Inc. is investigating the use of different enhancements techniques to eliminate the 
problem of heavy metal precipitation at the cathode (Acar et al. 1993).
Results of the pilot-scale tests demonstrate the efficiency of using the process 
for the transport of heavy metals from pilot-scale kaolinite samples. Specimens with 
high initial concentration of lead (above the cation exchange capacity) display a more 
uniform removal than samples loaded at an initial concentration below the cation 
exchange capacity.
The results of the pilot-scale studies conducted demonstrate that the technology 
may be efficiently used for full field-scale remediation. However, the effects of other 
factors, such as soil inhomogeneities, presence of a multicomponent electrolyte, and 
the presence of a variety of heavy metal salt at high concentrations should be further 
investigated.
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6.11 Energy Expenditure and Cost
Evaluation of energy expenditure is an important component in evaluation of 
the total cost of the process. Energy expenditure is evaluated per unit volume of the 
soil treated in kWhjm^.
A small increase in energy expenditure to about 3 kWhfm^  occurs in the first 
100 h of processing BSTl and BST2 (Figure 6.31). Subsequently, energy increases 
linearly with time to about 60 kW h/m^  in BSTl after 169 h and to 330 kWhjm^  
in BST2 after 598 h. Differences between the total energy expenditure in BSTl and 
BST2 related to differences in processing periods. Processing time for BST2 is about
3.5 times that of BSTl. Both tests displays similar behavior in energy expenditure 
because they share the same current density and initial concentration.
Energy expenditures in P ST l, PST2, and PST increases slightly with time 
within the first 500 h of processing to about 50 kWhfm^  (Figure 6.32). Subsequent 
to the nonlinear segment of the first 500 h, energy expenditure increases linearly with 
time to about 325 kWhfm^  in PSTl after 1300 h, 700 kW hlm^  in PST2 after 2950 
h, and 700 kWhfm^  in PST3 after 2500 h of processing. Figure 6.32 implies that 
the steady state conditions with respect to energy expenditure are realized within 
the first 500 h for PSTl and PST2, and within the first 700 h for PST3. Both 
bench-scale tests and pilot-scale tests show similar trends in energy expenditure. In 
all cases, energy increases at a low rate at early stages (100 h in bench-scale tests 
and 500-700 h in pilot-scale tests), then the rates increase and remains constant. 
Energy expenditure is directly related to the corresponding electric potentials. The 
nonlinear changes in energy expenditure realized early in the process are associated 
with the increase in the total voltage applied within the first 100 h in bench-scale 
tests and within the first 1000 h in pilot-scale tests.
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Figure 6.31: Energy Consumption in Bench-Scale Tests
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Figure 6.32: Energy Consumption in P S T l, PST2, and PST3
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
213
The electric power per unit volume, P , evaluates the rate of increase in energy 
expenditure with time,
P  =  =  h  is (6.9)
Figures 6.33 and 6.34 display time changes in the electric power in bench-scale 
specimens and pilot-scale specimens, respectively. Generally, the results display that 
the electric power increases linearly with time until it reaches a constant value (or 
steady state condition). In bench-scale tests, the electric power increases within the 
first 100 to 150 hours and reaches a constant value of about 600 watt/m^. For pilot- 
scale tests, 800 to 1000 hours are required for the power to reach a constant value of 
250-350 watt/m ^.  It is noted that, at steady state conditions, the electric power per 
unit volume of the soil in bench-scale tests is about twice that of pilot-scale tests.
Equation 6.9 shows that the electric power is equal to the current density times 
the voltage gradient. For all bench-scale and pilot-scale tests, the current density 
is the same and therefore, changes in the power and energy expenditure are due to 
changes in the voltage gradient. Comparing the bench-scale and pilot-scale tests, the 
final electric gradients across the samples are about 5 V/cm  in bench-scale tests and 
2-3 VI cm  in pilot-scale tests as discussed in previous sections. Table 6.2 summarizes 
the differences between the electric properties and energy consumption of bench-scale 
and pilot-scale specimens at the end of processing.
6.12 Pore Fluid C hem istry
Figure 6.35 shows the distribution of the free anions in the soil pore fluid at the 
end of processing PST2. Free anions concentrations are determined by mixing 2.0 g 
of dry soil with 40.0 m l  of deionized water. The results display a uniform distribution 
of these anions across the soil between the electrodes. Metals distributions at the 
end of processing of PST2 are shown in Figure 6.36. Al distribution is shown in a
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Figure 6.33: Changes in the Electric Power in Bench-Scale Tests











- ■ - PST2
—  PST3
100
500 1000 1500 2000 2500 3000
Time (hr)
Figure 6.34: Changes in the Electric Power in Pilot-Scale Tests
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Table 6.2: Final Electric Properties and Energy Consumption in Bench-Scale and 
Pilot-Scale Samples
Parameter B STl BST2 PST l PST2
Final Electric Gradient (y ic m ) 4.2 4.2 2.9 2.0
Final Electric Conductivity {fiSlcm) 30 30 50 70
Final Electric Power {watt/m^) 520 650 380 270
Energy Expenditure {kWhfm^) 60 330 325 700
Processing Time 69 598 1300 2950
Energy Cost* ($/m®) 3.0 16.5 16.3 35.0
0.05 $ IkW h
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separate figure because it is present at concentrations significantly higher than the 
other cations. Ca  and N a  show almost a uniform distribution across the sample. Fe 
has the same uniform distribution but with an increase at the last section near the 
cathode. This increase in Fe  concentration might be related to precipitation of its 
hydroxides at their solubility limits in the zone of high pH near the cathode.
Both A l  and Si  display concentration profiles different than the other metals. 
Their concentrations at the anode zone are significantly less than those at the cathode 
zone. Their distribution is similar in shape to the final pH across the specimen. The 
acid generated at the anode results in dissolution of the clay mineral releasing Al  and 
Si  which are then transported under the electric gradient to the cathode. This may 
be a reasonable explanation of reduction in the source concentration of these species 
at the anode. On the other hand, at the cathode the pH does not drop to a value that 
could cause mineral dissolution. The effect of pH changes across the soil on mineral 
dissolution would also affect the electroosmotic flow and the sorption capacity of the 
clay. Such effects on the efficiency of the process are not yet investigated.
6.13 Tem perature Changes
Thermocouples are used to monitor temperature changes across the soil speci­
men and at the electrodes. Figure 6.37 displays these changes for PST2. Data for 
temperature changes in this test are presented in Appendix D. Four thermocouples 
are used in this test; one in the cathode compartment (catholyte), one in the an­
ode compartment (anolyte), one in the soil at the anode region, and the fourth one 
is placed in the soil at the cathode region (Figure 5.9). The thermocouple placed 
in the anode region failed and rendered unrealistic temperature values. Reliable 
measurements are obtained from the other three thermocouples.
In PST2, the original temperature before processing the sample is 23°C. The
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Figure 6.35: Final Anion Concentration in the Soil Pore Fluid
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Figure 6.37: Temperature Changes in PST2
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results demonstrate an increase in the temperature at dilTerent rates across the soil 
specimen and at the electrode compartments. Soil sections near the cathode experi­
ence the highest increase in temperature (23°(7 to 42°C) while the anolyte experiences 
the lowest increase in temperature (23°(7 to 35°C). The heat flux due to electrical 
gradients will be a function of the electrical potential gradient and heat conductivity 
of the medium under electric fields. The electrolyte concentration is again expected 
to have a significant role in generation of heat. When the pore fluid conductivity is 
high, the resistance to current will be low, and energy loss due to heat will be rela­
tively low. On the other hand, the zone of high electric resistance near the cathode 
will result in higher voltage drop and energy loss.
Most of the temperature increase occurs in the first 1000 h of processing, which 
is the same time that shows most of the increase in the voltage across the soil. 
Differences in temperature changes between the soil and the electrode compartments 
are related to the voltage distribution. Most of the voltage drop is developed at the 
cathode region resulting in a higher increase in temperature at that zone.
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Chapter 7 
MODEL PREDICTIONS AND COMPARISONS 
W ITH  PILOT-SCALE TEST RESULTS
7.1 Introduction
The principles of modeling coupled-reactive multicomponent species transport 
under an electric field in a saturated soil results in a system of differential/algebraic 
equations. These are presented in Chapter 3. The partial differential equations 
describe fluid, charge, and species transport while algebraic equations describe the 
chemical reactions in the soil pore fluid. Chapter 4 presents the numerical scheme 
used to solve the developed system. The computer code EK-REM (ELECTROKINETIC 
REM EDIATION) is written using Fortran on an IBM RS/6000 cluster running with 
the Unix operating system. A list of the program, and the input and output perti­
nent to the pilot-scale study are given in Appendices A and B. A summary of the 
subroutines is presented below.
7.2 Flow Chart for E K -R E M
Figure 7.1 presents the flow chart of EK-REM. The main program opens the files 
where the input and output of the numerical calculations are saved. EK-REM also 
reads the time step (DT), number of nodal points (NUMNP), elements (NUMEL), 
species (NCONT), and cycles (NCYCLE) from the input file before calling subroutine 
INPUT.
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Figure 7.1: Flow Chart for EK-REM
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
224
Figure 7.2 describes a flow chart for subroutine INPUT which reads the initial 
parameters and initial conditions pertaining to the system. At each node, INPUT  
requires the coordinates, boundary condition codes together with the initial poten­
tials and species concentrations in the pore fluid. Initial soil parameters such as the 
hydraulic conductivity, coefficient of electroosmotic permeability, tortuosity, porosity 
and total length of the specimen are defined in INPUT. Diffusion coefficients and 
electric charges of the chemical species are also input in this subroutine. Finally, IN­
PUT reads the boundary conditions for each element and specifies the concentration 
or flux of each species at these boundaries.
EK-REM employs the data fed in INPUT to calculate the effective parameters 
of the differential and algebraic equations (such as the effective diffusion coefficient 
and effective ionic mobility). Calculations for the first time step start with solving the 
differential equations describing species transport. For every species, EK-REM calls 
subroutine ELSTIF, subroutine GENER, and then subroutine SOLVES to evaluate 
their concentration across the soil mass.
Subroutine ELSTIF calls subroutine FORMBM which calculates the shape func­
tions, their first and second derivatives, and the Jacobian matrix for each element. 
ELSTIF uses these values to form [SKF], [VL], [AK], [VB], [E], {QQ }, and {F} ma­
trices defined by equations 4.144-4.148. This operation is carried out for each species 
and at every element. ELSTIF first uses the initial distributions of the electric and 
hydraulic potential (tim e=0) in evaluation of members of these stiffness matrices. 
Figure 7.3 shows the flow chart for ELSTIF.
Subroutine GENER uses the matrices evaluated in ELSTIF to generate the mas­
ter stiffness matrix A to calculate the column vector b for each dependent variable at 
every time step. Subroutine SOLVES sends A and b to subroutine CHOLES which 
uses Choleski decomposition to invert the A matrix and multiply it with b vector in 
evaluation of the concentrations at the first time step.















Figure 7.2; Flow Chart for Subroutine INPUT
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Figure 7.3; Flow Chart for Subroutine ELSTIF
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Subroutines PHCHEMl, PHCHEM2, and SORP are then called. These sub­
routines evaluate the concentration of the chemical species when subjected to the 
chemical reactions described by the algebraic equations.
EK-REM then calls subroutine PROP which evaluates the first and second 
derivatives of the concentration of each species at every element to determine the 
parameters to be used for the charge and water transport equations. PROP uses 
the shape functions and their derivatives (evaluated in FORMBM) to determine the 
first and second derivatives of species concentrations. The parameters that will be 
used in charge conservation equation are then evaluated. These parameters include 
the effective electric conductivity and its gradient, and the component of diffusional 
charge flux. EK-REM calls ELSTIF, GENER, and SOLVES to provide the solution 
for the differential equation describing variation of the electric potential across the 
electrodes.
The newly calculated electric potential distribution is then compared with the 
initial values at each node. If the difference is more than 0.5 V  at any node, then 
EK-REM loops over these steps taking the newly calculated potential distribution 
as the initial profile.
When the concentration and electric potential distributions across the specimen 
are evaluated, the second derivative of the electric potential is calculated and the 
differential equation describing the electroosmotic consolidation is solved by calling 
subroutines ELSTIF, GENER, and SOLVES. EK-REM then calculates other vari­
ables such as electroosmotic flux and energy consumption. At this point, the results 
for this time step are saved in the output files. A second step in time is then taken.
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7.3 M odeling Lead Transport and Rem oval
The initial conditions for PST3 are used in the computer program developed 
for transport and removal of lead. Soil parameters and constitutive relations are 
evaluated, either through laboratory tests conducted on soil specimens retrieved 
from the pilot-scale cell, or approximated from data presented in the literature. 
Since several variables with different measurement units are used in this model; 
non-normalized parameters are used. Table 7.1 summarizes the measurement units 
chosen. The input and output data in EK-REM are listed in these units.
7.3.1 Soil Parameters and Constitutive Relations
Accurate estimates of soil parameters and proportionality constants in the con­
stitutive relations are a substantial component for accurate predictions using the 
model. Different parameters are identified and required in modeling coupled reactive 
multicomponent species transport under electric fields. Table 7.2 summarizes the 
values of the parameters and proportionality constants used in modeling PST3.
The principal objective of comparing the predictions of the theoretical model 
with the pilot-scale test results is to assess whether or not the theoretical formalism 
presented reasonably predicts the mechanics and chemistry of multispecies transport 
under an electric field. Therefore, it is not necessary to use accurate measurements 
of all soil parameters.
7.3.1.1 Diffusion Coefficients and Ionic M obilities
Diffusion coefficients and ionic mobilities of species of concern at infinite dilution 
are presented in Tables 3.3 and 3.4 and the values are taken directly from these tables.
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Pore Fluid m olejL




Diffusion Coefficient cm? ! day
Ionic Mobility cm? ! day — V
Hydraulic Conductivity cm /day
Coefficient Electroosmotic Permeability cm? 1 day — V
Faraday’s Constant Coulomb/mole
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
230
Table 7.2: Parameters and Relations Used in Modeling Lead Removal from Kaolinite 
by Electrokinetics in PST3
Parameter Value
D h 8.05 cm^/day
D on 4.57 crri^/day
Dpb 0.82 crri^/day
D n o z 1.64 crri^/day
D no 1.15 cni^/day
Dci 1.76 cm^/day
K 8.64x10“  ^ cm? ! day — V




'^v'yw 0.1x 10”® /cm
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7.3.1.2 Tortuosity Factor
Table 3.2 demonstrates that the tortuosity factor, t ,  for kaolinite varies over 
a range of 0.12 to 0.50. Alshawabkeh and A car (1994) and Acar et al. (1989) 
use a tortuosity factor of 0.35 for kaolinite and show that reasonable predictions of 
acid/base transport are obtained. Shapiro et al. (1989) and Shapiro and Probstein 
(1993) use a different definition for the tortuosity, which is equivalent to a factor 
of (1/1.24)^; or a tortuosity factor equivalent to 0.65 for kaolinite. Eykholt (1992) 
uses a term similar to that of Shapiro and Probstein (1993), a value equivalent to 
a tortuosity factor of (1/1.5)^ =  0.44 is used for kaolinite. The tortuosity factor for 
kaolinite specimens is not evaluated by separate tests. A value of 0.45 is used in the 
model.
7.3.1.3 Coefficient of Electroosmotic Permeability
The coefficient of electroosmotic permeability varies over a wide range (10“'^ to 
10“ )^; the higher values are those for lower activity clays at higher water contents. 
Ballou (1955) reported ke values up to 1.1x10“  ^ crn^JVs for a sodium-kaolinite 
sample at 92% water content. Experiments at Louisiana State University rendered 
maximum he values of 10~® crri^IVs in lead-, cadmium-, or chromium-spiked kaoli­
nite specimens (Hamed et al. 1991; Acar et al. 1994; Acar et al. 1990; Hamed 
1990).
Earlier attempts to model the electrokinetic process have used k^  values in the 
order of 10“® cm?/Vs. Alshawabkeh and Acar (1992) used a coefficient of electroos­
motic permeability of 1x10“® cm^/Vs  for kaolinite, Yeung (1990) and Mitchell and 
Yeung (1991) used a value of 2x10“® crn^IVs for the coefficient of electroosmotic 
permeability for an illitic Altamont clay. Shapiro and Probstein (1993) evaluated 
the electroosmotic flow using zeta potential. Eykholt (1992) also evaluated the elec­
troosmotic flow as a function of zeta potential and used a zeta potential that is
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dependent upon the soil pH. A constant value of 1x10“® cw? jV s  is used in this 
study.
An electroosmotic flow was not measured in PST2 or PST3. However, this 
does not necessarily imply that there was not any electroosmotic flow. As discussed, 
boundary conditions may be the fundamental reason why a flow was not recorded. 
Furthermore, it is not well established what the meaning of the ke value would be 
with the continuously changing chemistry and electric potential gradient across the 
electrodes. Consequently, it is decided to use a constant ke value of 1x10“® crn^/Vs 
for this specimen. This value is reported for the first 100 h to 200 h of processing 
of most kaolinite specimens tested by Hamed (1990). It seems reasonable while it is 
not an accurate value. It is essential to provide better experimental measurements 
to obtain the values of coefficient of electroosmotic permeability with less physical 
and chemical inhomogenities.
7.3.1.4 Coefficient of Volume Compressibility
Two soil blocks, each of 30 cm by 30 cm dimensions, are extracted from the 
middle part of PST2. Two horizontal soil samples, one for consolidation and one 
for hydraulic conductivity measurement, are taken from one block while two vertical 
samples are taken for the same purpose from the other block. Consolidation samples 
are extracted from these soil blocks using consolidometer rings each of 5.0 cm di­
ameter and 2.0 cm length. Two consolidation tests are conducted on these samples. 
Coefficient of volume compressibility (m„) is calculated for each specimen using the 
square root time method at 8 kg and 16 kg loadings (40 kPa  and 80 kPa  stress).
7.3.1.5 Hydraulic Conductivity
Two hydraulic conductivity tests are conducted, one on the sample extracted 
horizontally and the other on the sample extracted vertically. Each of these samples
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is 10.2 a n  in diameter and 5.2 cm in length. Constant rate of flow test (ASTM  
D5084 method D) is used for hydraulic conductivity measurement. Figure 7.4 shows 
measurement of hydraulic conductivity of the sample retrieved horizontally from the 
pilot-scale cell (Gokmen 1994).
7.3.1.6 Lead Sorption
Lead sorption at different pH and concentration levels is described by an empir­
ical relation that is discussed in more detail in Section 3.7. The parameters of this 
relation are determined using the results of the study by Yong et al. (1990). Figure
3.6 presents a comparison of the experimental data of Yong et al. (1990) and the 
relation used for modeling lead sorption during processing. It is noted that the rela­
tion describes complete sorption of the pore fluid lead at higher pH values. Studies 
on the effect of pH on heavy metal sorption demonstrate that higher pH values (>  7) 
result in complete retardation of the pore fluid metals (Maguire et al. 1981; Harter 
1983; Yong 1990). However, when the pore fluid is basic, soil may display a different 
sorption behavior. Any attempt is not made to assess and rationalize adsorption at 
high pH values.
7.3.1.7 Hydrogen Retardation
Georgia kaolinite has a low cation exchange capacity (1.06 meqflOOgm) and 
low buffering capacity. Yong et al. (1990) has reported that kaolinite does not show 
major resistance to changes in the pH due to its low buffering capacity. This indi­
cates that significant retardation in the transport of may not be encountered in 
kaolinite. However, it is noted that the values used for the effective ionic mobility 
of (using the molecular value, soil porosity and tortuosity) do not provide rea­
sonable predictions of the rate of advance of In all cases, the predicted profiles 
show much faster advance rates for than the measured profiles (up to 10 times).
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Differences between the theoretical and experimental effective ionic mobility (and 
diffusion coefficient) are related to either the tortuosity factor or the value of the 
molecular mobility. Tortuosity factor for kaolinite does not vary significantly with 
a change in fabric (0.1 to 0.5). Variation of the tortuosity within that range will 
affect transport rates. The presence of other species in the pore fluid and the effect 
of multicomponent mobilities also will affect the effective values; rendering lower 
experimental values.
It is essential to estimate a retardation factor for transport. Such a factor 
can either be obtained from batch adsorption tests or from bench-scale tests. Both 
experiments have their difficulties in providing an accurate retardation factor for 
The surface charge density and adsorption behavior of kaolinite changes with 
decreasing pH making it quite difficult to formalize the kaolinite-/f+ adsorptive 
behavior. Special experimentation is necessary to evaluate the ionic migration of 
in soils under an electric field. Therefore it seems reasonable to estimate a 
retardation factor using the results of the pilot-scale study.
Figure 6.8 shows the relation between the distance from the anode and the time 
required to reach a pH of 3 in PST3. The rate of advance of the acid front estimated 
in this test is 1.0 cm/d. The molecular ionic mobility of at infinite dilution is 313 
cm ?[Vd  (Table 3.3). When an average tortuosity of 0.45 and a porosity of 0.56 are 
used, the theoretical value of effective ionic mobility is 79 cm? jV d .  Voltage gradients 
in the anode zone are about 0.01 to 0.1 Vjcm,  rendering a rate of advance of the acid 
front of 0.8 cm /d to 8.0 cm/d. If an average rate of 4.6 cm /d is taken, a retardation 
factor of 4.6 is obtained when the calculated rate is divided by that evaluated from 
the experiment. It is noted that this value will significantly affect the predictions of 
transport of the acid/base profile, the extent of the prediction zone, the magnitude 
and distribution of the electric potential, its gradient, as well as the location and 
magnitude of the pore water pressure developed across the electrodes.
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7 .3 .2  Initial and B ou n d ary  C on ditions
Four differential equations are used to describe the transport of 4 chemical 
species in the soil pore fluid; 0 H ~ ,  and N O 3 . The differential equation
describing conservation of charge together with the differential equation describing 
electroosmotic consolidation bring the total number of differential equations to 6. 
Four algebraic equations are used in addition to describe chemical reactions of lead 
in the soil pore fluid. For one dimensional applications, the partial differential equa­
tions require 6 initial conditions and 12 boundary conditions. However, the algebraic 
equation describing preservation of electrical neutrality replaces one differential equa­
tion, decreasing the number of differential equations to 5, and boundary conditions 
to 10.
Table 7.3 summarizes the initial and boundary conditions for the differential 
equations used in the numerical simulation of PST3 (refer to Section 3.7 for defi­
nitions and development of these parameters). Initial and 0 H ~  concentrations 
are taken as 1.0x10“'* M  and 1.0x10"*° M  because the initial soil pH is 4. The total 
initial lead concentration is 5,322 fig/g  or 0.0825 M .  The initial hydraulic head is 
zero and initial electric potential gradient is assumed to be 0.1 Vjcm  all across the 
soil. Boundary conditions for the equations describing species transport equations 
are evaluated using electrolysis reactions at the electrodes as described in Chapter 
3.
The code is developed for two-dimensional applications, therefore it is necessary 
to provide a two-dimensional mesh even for a one-dimensional problem. 40 elements 
are used each of 1.75 cm width x 1.75 cm length, with a total of 203 nodal points. It 
was not found necessary to increase the number of elements as the 8-nodal element 
is a higher order element. Figure 7.5 presents the one dimensional mesh with 40 
elements to demonstrate the procedure used in coding each element and node.
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Table 7.3: Initial and Boundary Conditions Used in EK-REM
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Appendix B presents the input data file and node connectivity used for the case of 
40 elements. The output for the first time step is also presented.
It is essential to achieve a stable and convergent finite element solution. Ele­
ment sizes and time steps are varied to achieve acceptable values. The time step 
required for a stable finite element solution for a specific element size depends on the 
parameters of the differential equation. In general, stability of the Galerkin finite 
element method is not considered to be a major problem, specially if the parameters 
are independent of time [(numerical oscillation may occur, but the Galerkin method 
is never unstable (Reddy 1985)]. In this case, however, species concentrations in 
the pore fluid, pH, and electric conductivity change dramatically with time. Since 
the time step required for a stable solution depends on these parameters, the range 
of time increments that render a stable solution changes in time due to dramatic 
changes in parameters (specifically the electric conductivity, and the first and second 
gradients of species concentrations). There is no method yet specified to choose the 
required time step and element size for a stable solution of a system of differential 
equations with such changes.
Different trials are made using different time steps until a stable solution is 
achieved for a specific element size. This approach is first used in verifying the 
finite element solution with the existing analytical solutions. It is noted that the 
numerical solution changes if the time step is changed; however, in each case and for 
a specific time step range, a convergent and stable solution is achieved. The finite 
element solution for this range is shown to compare well with the analytical solution. 
Appendix C provides comparisons between the two solutions.
In modeling PST3, trials using time steps ranging from 1 sec. to 1 day are made. 
Time steps that lie between 0.15 to 0.3 day provided a stable solution for the element 
specified (1.75 cm x 1.75 cm element). Figure 7.6 shows the predicted time changes
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Figure 7.6; Time Changes in the pH at x= 0  and æ=35cm Using Different Time Steps
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in the pH at x =  0 and x — 35cm (from the anode) using different time steps (0.15, 
0.2, and 0.25 day). Almost identical pH values are attained.
The sharp fronts developed in the electric conductivity and concentration gradi­
ent profiles lead to computational problems after 36 days of processing. These com­
putational problems occurred due to the development of sharp fronts in the species 
concentrations and electric potential gradients in the last 10 cm near the cathode. 
The terms that include the electric potential gradients in the equation describing 
species transport (Equation 3.54) showed sharp variations near the cathode after 36 
days. These terms in Equation 3.54 are,
& 7 j  [ (“ •' +  f
In order to avoid the sharp fronts, limits are used to bound the variations in these 
terms. These limits are chosen for each species orders of magnitude different than 
the values of these terms across the soil. This approximate procedure provided a 
solution to the problem untill 50 days of processing. After that time, it was not 
possible to achieve a convergent solution for the system. However, the objectives of 
this study are achieved within the first 50 days and model predictions are reported. 
There exists a need to overcome the instability subsequent to 50 days.
7.4 R esults and A nalysis
7.4.1 Soil pH
The mass flux of 0 H ~  at the cathode increases the pH of the soil within that 
zone to about 7, while the flux of at the anode decreases the pH at the anode 
to less than 2 (Figure 7.7). The initial concentration of in the pore fluid is 
10“"^ M  which is six orders of magnitude higher than that of 0 H ~  (10~^° M).  These 
differences in the initial concentrations are primarily responsible for the differences 
in the rate of change of pH at the cathode and the anode regions. The mass of
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0 H~ pumped into the cathode region is orders of magnitude greater than the initial 
concentration of 0 H ~  resulting in an immediate increase in the pH. At the anode 
region, the increase in concentration relative to its initial value is less than the 
increase of 0 H ~  in the cathode relative to its initial value. Consequently, the rate 
of decrease in pH at the anode is less than the rate of increase in pH at the cathode 
(Figure 7.7).
Bench-scale and pilot-scale experiments demonstrate that the cathode compart­
ment shows an increase in the pH to about 10-11. The pH in the soil pore fluid close 
to the cathode increases only to a value of around 7 in Figure 7.7. The increase in 
the pH close to the cathode is known to be due to the mass flux of 0 H ~  generated 
by electrolysis reactions while the pH in the catholyte rises to values in excess of 
10-11. The increase in the soil pH is restrained by the ongoing water autoionization 
reaction and the precipitation reaction.
Lead hydroxide precipitation at the cathode region depends upon the available 
concentrations of 0 H ~  and Pb'^  ^ and the solubility product constant. The law of 
mass action applied to lead hydroxide precipitation requires (Equation 3.121)
(7.2)COH <
Cpb
where for lead hydroxide precipitation is 2.8*10“ *®. For PST3, the initial lead 
concentration in the soil is relatively high (0.0825 M , or 5322 fig/g) and most of 
the generated 0 H ~  at the cathode will be consumed in precipitation of Pb{0H)2.  
Consequently, the concentration of 0 H ~  evaluated by Equation 7.1 will be within 
the range of 1.7*10“  ^A/ to 5.3*10“® AJ if the dissolved lead concentration in the soil 
pore fluid stays in the range of 0.1 M  to 0.01 M  (the case for PST3). Furthermore, 
initial soil pH is about 4 and the some of the mass of 0 H ~  generated by electrolysis 
reactions will react with the high initial concentration of H~ (10““*A/) to produce 
water. As a result of the two reactions, the predicted pH at the cathode zone increases 
only to about 7.
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Figure 7.7: Predicted Changes in Soil pH Across the Soil Specimen in Time
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The rate of advance of the acid front towards the cathode is faster than that of 
the advance of the base front towards the anode. The predicted pH profile across the 
specimen shows that the acid front meets the base in the last 10 to 15 cm of the soil 
specimen within the first 25 days of processing (near the cathode). Consequently, 
the acid front drives the base back to the last 2 cm of the specimen after 37 days of 
processing. At this time, the pH profile reaches steady state. The generated at 
the anode and 0 H ~  at the cathode react to produce water at the front within the 
last 2 cm  of the specimen.
Comparisons between the predicted and experimental pH profiles after 8 , 15, 
and 22 days are depicted in Figures 7.8 and 7.9. A reasonable agreement is obtained 
with the experimental results. The advance of the predicted acid front is faster than 
those recorded in the experiment. They could be made equal to each other by 
adjusting the retardation factor to match transport rates. It is found pedagogically 
more valuable to keep this slight difference in transport as the effects will demonstrate 
the principal factors affecting transport and behavior.
7.4.2 Electric Conductivity
Figure 7.10 displays the predicted changes in electric conductivity across the 
soil specimen. The electric conductivity is evaluated from concentrations of charged 
species in the pore fluid. There are high initial concentrations of H'^, F 6^+, 0 H ~ ,  
and N O 3 in the pore fluid. The initial conductivity is higher than 20 m Slcm .  The 
increase in the soil pH near the cathode to about 7 and the prevailing decrease in the 
dissolved lead concentration result in a gradual decrease in the conductivity to about 
15 m S fc m  within the first 37 days of processing. At the anode zone; however, the 
advance of the acid front increases concentration and the dissolved lead concen­
tration in the pore fluid decreases due to transport under electric field. The change 
in the electric conductivity is dependent on the relative change in f  6 +^ concentration
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Figure 7.10: Predicted Electric Conductivity Distribution Across the Pilot-Scale 
Test Specimen
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with respect to concentration. If the rate of decrease in the ionic strength due 
to transport of lead is higher than the rate of increase in the ionic strength due to 
the advance of then the electric conductivity will decrease. Theoretically, the 
conductivity could go either way. The major factors affecting the rate of change of 
the conductivity would be the initial chemistry of the specimen, the electric current 
(or the rate of generation of at the anode) and the transport number of each 
species. The transport number is a function of the ionic mobility and concentration; 
higher the mobility and higher the concentration of a particulate ion, higher would 
be its transport number. In this case, the H'  ^ ionic mobility is about 5 times that 
of however, the initial Pb '^  ^ concentration is about 800 times the initial
concentration. As a result, the rate of decrease in the ionic strength of the pore fluid 
due to lead removal is more significant than the rate of increase in the ionic strength 
due to the decrease in the pH. A decrease in the electric conductivity near the anode 
to less about 14 m S /c m  in 30 days is a consequence.
A zone of very low electric conductivity is developed near the cathode after 37 
days of processing. After 50 days of processing, Figure 7.10 displays a decrease in the 
electric conductivity to less than 800 f iSlcm  in the last 10 cm of the specimen near 
the cathode. Changes in the electric conductivity across the specimen will result in 
a nonlinear electric potential distribution as long as the electric current applied is 
kept constant across the electrodes.
Figure 7.11 displays a comparison of the voltage distribution after 100 h and 300 
h of processing. A good agreement is observed between the predicted and experimen­
tal values. A relatively linear distribution is depicted due to the relatively uniform 
electric conductivity distribution across the soil. Although prediction of the electric 
potential is significant in measurement of the energy required, the rate of species 
transport under electric fields depends on the electric gradient profile across the soil 
and not on the absolute value of the electric potential. Therefore, it is essential that
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h and 300 h of Processing PST3
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the distribution of electrical potential gradient compare well with experimental re­
sults for accurate prediction of species transport. Figure 7.12 presents comparisons 
between the electric gradient in the model and the experiment after 100 h, and 300 
h of processing. A good agreement is obtained. A uniform electric gradient of about 
0.06 to 0.07 V/cm  develops in the model while the experiment displays an electric 
gradient of about 0.01 to 0.1 V/cm.
Later in the process (600 h), the zone of low electric conductivity near the cath­
ode results in a nonlinear electric potential distribution as depicted in Figure 7.13. 
The electric potential profile is similar in the experiment and the model; however, the 
model predicts a significantly lower potential difference than the pilot-scale study 
(60 V  versus 150 V).  A comparison between the predicted and the experimental elec­
trical gradient demonstrates quite good agreement, except for the last 15 cm near 
the cathode (Figure 7.14). The voltage gradient across the specimen is less than 0.1 
V/cm-, however, in the model it increases to more than 20 V /c m  in the cathode and 
remains at 10 V/cm  in the experiment.
The disagreement in the absolute value of electric potential at later stages is 
due to the differences in the extent of the zone of low electric conductivity near the 
cathode. In the experiment, the zone of low electric conductivity advances farther 
into the soil specimen than in the model. This is also depicted in the pH profiles. 
A wider low electric conductivity zone results in a higher voltage drop across the 
specimen.
7.4.3 Total Pore Fluid Flow and Pressure
Figure 7.15 displays that at early stages of the process (the first 30 days), the 
predicted rate of pore fluid flow is almost constant across the specimen and it is in 
the order of 0.001 mljcm?d.  Since a constant value o f the coefficient of electroos­
motic permeability is assumed, the hydraulic head is kept zero at the electrodes, and
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Figure 7.12; Modal and Experimental Results of the Electric Gradient Distributions 
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Figure 7.14: Comparison of the Electric Gradient Distributions in PST3
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a uniform electric gradient is depicted across the specimen (Figure 7.12), the pore 
fluid flow is uniform across the specimen at this time. After 37 days; however, the 
nonlinearity in the electric potential across the specimen leads to a predicted, non­
linear electroosmotic flow rate across the specimen. The highest flow rate (up to 0.2 
ml/cm^d)  is depicted close to the cathode and the lowest flow rate (0.001 ml/cm^d)  
is depicted close to the anode (Figure 7.15). Since the hydraulic conductivity of the 
soil is low (less than 10“  ^ cm /s), pore fluid flow across the specimen is insufficient 
to balance that required near the cathode. A negative pore water pressure develops 
to balance the demand in pore fluid.
PST3 did not show any significant change in the pore water pressure within 
the first 37 days. Figure 7.16 shows comparisons between the measured pore water 
pressure in two tensiometers, located at a distance of 14 cm and 42 cm from the 
cathode, with predicted pore water pressure in the same locations. Data from other 
tensiometers are presented in Appendix D. Predicted and measured pore pressure in 
these locations display development of negative pore water pressure (matric suction) 
after 800 h -1000 h (34 to 40 days). It is noted that both the model and the 
measured values exhibit good agreement. However, the model predictions indicate 
instantaneous increcise in the suction after 900 h (% 37 days) to about -35 kPa  and 
-15 kPa  in these locations, the higher suction is nearest to the cathode. A sudden 
drop in the predicted electric conductivity and increase in the electric gradient near 
the cathode at that time (after 37 days) is the reason for the sudden increase in 
suction at that time.
Comparisons between the predicted and measured suction profiles across the 
electrodes at 37, 40, 45, and 50 days are shown in Figures 7.17-7.18. Pore pressure 
distributions demonstrate development of a suction of up to -10 kPa  in the experi­
ment and up to -6 kPa  in the model after 37 days. In both cases, most of the suction 
is developed near the cathode zone and gradually decreases towards the anode. The
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Figure 7.15: Predicted Pore Fluid Flow Rates Across the Specimen
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Figure 7.16: Predicted and Measured Pore Water Pressure in Tensiometers Located 
at a Distance of 14 cm and 42 cm from the Cathode
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Figure 7.17: Comparison Between Suction Generated in the Model and in the Ex­
periment After 37 and 40 Days of Processing
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Figure 7.18: Comparison Between Suction Generated in the Model and in the Ex­
periment After 45 and 50 Days of Processing
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predicted suction displays an increase of up to -50 kPa  near the cathode after 40, 
45, and 50 days. The experimental results for the same times show an increase in 
the suction of up to -30 kPa.  Predicted and experimental results at 40, 45, and 50 
days exhibit similar patterns in the suction profiles across the specimen; both show 
an increase near the cathode tailed by a decrease towards the anode. Suction in the 
experiment favorably agrees with model results; however, the model predicts higher 
values and closer to the cathode. The experimental values are more skewed towards 
midsections of the specimen.
The distributions of suction predicted across the soil after 37 days show that 
suction is generated at a location where most of the changes in the pore fluid flow 
rate occur (last 6 cm  near the cathode). Furthermore, the highest electrical gradient 
across the soil specimen after 37 days is developed within the last 6 cm near the 
cathode. The results reveal that the nonlinearity in the electric potential distribution 
due to the development of a zone of low electric conductivity near the cathode results 
in a higher electric gradient and electroosmotic flow near the cathode and initiation 
of suction at the interface between the zone with the high electric gradient and that 
of low electric gradient. This is a direct consequence of the fact that second derivative 
of electrical potential develops the suction in the mass balance equation (Equation 
3.62).
Bench-scale tests reported by Earned (1990) show that the rate of electroos­
motic flow decreases and ceases at later stages of the process. The coefficient of 
electroosmotic permeability is conceived to be a function of zeta potential which is 
highly dependent on the chemistry of the soil specimen. Decrease in the soil pH and 
surface charge across the specimen will decrease the zeta potential and the coefficient 
of electroosmotic permeability and hinder the electroosmotic flow at later stages of 
the process. In this model, a constant k^  value is assumed throughout the process 
that is independent of the soil chemistry or pH. As a result, there will always be an
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electroosmotic flow as long as there is an electric gradient across the soil. It is not 
expected to see the time-dependent changes in fcg and flow rate reported by Hamed 
(1990) since the experiments are on a relative shorter time frame.
7 .4 .4  L ead T ransport and  R em oval
The model predicts changes in different forms of lead in the soil; dissolved lead 
in the pore fluid in m o/e//, lead precipitated as hydroxide in mg/kg ,  lead adsorbed 
on the clay surface in mg/kg,  and total lead in the soil in mg/kg.  Three dimensional 
contour diagrams are presented to describe the changes in space and time. As each 
form of lead affects the total lead profile separately, the figures provide a sense of 
the contribution of each. It is noted that transport occurs only when lead dissolves 
in the pore fluid and the adsorbed and precipitated lead remain immobilized in the 
soil.
Dissolved lead in the pore fluid is continuously transported from the anode 
zone towards the cathode (Figure 7.19). The concentration of dissolved lead near 
the cathode shows a decrease in time mainly due to consumption of the ionic lead 
as lead hydroxide precipitation. At later stages (after 30 days), the high electric 
gradient zone near the cathode leads to an increased transport rate in lead due to 
advection and migration, further decreasing the dissolved lead concentration. Figure 
7.19 shows that a hump is developed in the dissolved lead profile in the soil pore 
fluid at the acid/base interface. This hump is located at a distance of 55 cm to 60 
cm from the anode (15 cm to 10 cm from the cathode). The high pH zone in the last 
10 cm near the cathode results in precipitation and sorption of most the lead at that 
zone. On the other hand, low pH across the soil (less than 2) results in dissolution, 
desorption, and transport of the lead into the soil pore fluid. Consequently, the 
differences in species transport rates at these locations result in the depicted hump 
in the dissolved lead profile.
























Figure 7.19: Predicted Dissolved Lead Concentration in the Pore Fluid
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A decrease in adsorbed lead concentration is not observed for about the first 10 
days (Figure 7.20). Desorption occurs as a result of either a decrease in the soil pH or 
a decrease in lead concentration in the pore fluid. Soil pH decreases within the first 
10 days to about 2 near the anode; however, the high concentration of ionic lead in 
the pore fluid delays any lead desorption until that time. Subsequent to that period, 
desorption occurs at almost a constant rate decreasing the total lead concentration.
The increase in the pH at the cathode zone results in precipitation of lead 
hydroxide. Precipitation starts almost immediately after starting the process because 
of the immediate increase in the pH at the cathode (Figure 7.21) . Precipitation 
retards lead transport and at the same time decreases the concentration of ionic 
lead in the pore fluid. The zone of high precipitation and high pH near the cathode 
is the zone of low electrical conductivity across the soil. Since steady state pH 
distribution (Figure 7.7) shows no breakthrough of the acid across the specimen, 
lead precipitation and total lead concentration will both continue to increase within 
that zone. Enhancement techniques which prevent such precipitation are currently 
being investigated at LSU (1993b).
The total lead profiles predicted by the model are shown in Figure 7.22. Decrease 
in total lead concentration is depicted at the anode region. The last 5 cm near the 
cathode show an increase in total lead to more than 10,000 ^igjg as a result of lead 
hydroxide precipitation. At later stages of the process (after 30 days) a hump in 
concentration is developed at about 60 cm from the anode similar to that developed 
in the ionic lead profile.
Nitric acid extraction technique of the soil samples retrieved from PST3 gives 
the total lead in the soil. These experimental results are compared with model 
predictions in further assessment of the performance of the model. Comparisons at 
8 , 15, 22, 37, and 50 days are presented in Figures 7.23-7.25. Total lead distribution
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Figure 7.20: Predicted Adsorbed Lead Profile











Figure 7.21: Predicted Precipitated Lead Hydroxide Profile
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Figure 7.22: Predicted Total Lead Profile
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across the specimen in PST3 is evaluated at three different elevations (top, middle, 
and bottom layers). Experimental data for PST3 are presented in Appendix D.
After 8 days of processing, both the model and the experimental results in PST3 
demonstrate similar lead distributions (Figure 7.23). A decrease in lead concentration 
at the anode zone (up to a distance of 10 cm to 15 cm from the anode) and an 
increase in lead concentration near the cathode (last 5 cm near the cathode) are 
depicted in the model results. An increase is not observed in lead concentration near 
the cathode in the experiment. There are several reasons for this discrepancy. One­
dimensional application of the model might be one of these reasons. The surface 
of the specimen in the experiment was only covered by a clear plastic cover which 
might have resulted in a two dimensional effect and consequently different behavior 
than the model. The effect of high pH near the cathode on sorption characteristics 
and negative lead complexation is not employed in the model. Different sorption 
behavior or formulation of negatively charged complexes of lead at the zone of high 
pH are expected to influence the concentration profiles of lead.
After 15 days of processing, lead concentration is decreased at the anode but 
the profile is still similar to that of 8 days. A decrease in lead concentration to about 
20 cm from the anode due to transport of the dissolved lead towards the cathode, 
and an increase in total lead concentration in the last 10 cm near the cathode due 
to lead hydroxide precipitation are apparent in Figure 7.23.
Reasonable qualitative and quantitative agreements are achieved in lead profiles 
after 8 and 15 days of processing. The experimental results, however, show a decrease 
in total lead in the last 15 cm of the specimen near the cathode. The two dimensional 
effect of the open surface of the soil specimen (covered only with clear plastic cover), 
high pH complexation and sorption might be the reasons for these differences.
After 22 and 37 days, a further decrease in lead concentration is noted across 
the specimen in both the experiment and model results. Concentration near the
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Figure 7.23: A Comparison of Pilot-Scale Test Results and Predicted Total Lead 
Concentration After 8 and 15 Days
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anode (first 10 cm) decreased to below 2,000 ngjg  after 22 days and to below 1,000 
g g jg after 37 days. On the other hand, the lead profile displays different behavior 
near the cathode. Lead concentration in the middle layer near the cathode shows 
an increase up to 6,500 g g j g  after 22 days and up to 13,000 g g ig  after 37 days. 
The top layer, however, displays a decrease in concentration to about 2,000 ggjg . 
Predicted concentrations within the last 4 cm near the cathode at 22 and 37 days 
show continuous increase in concentration up to 8,000 ggjg .
Variations between predicted concentrations and experimental results near the 
cathode are noted in most comparisons, specially after 22 and 37 days. These vari­
ations could be related to either the two dimensional effect of the soil surface or the 
effect of lead complexation and sorption in the zone of high pH near the cathode. 
Furthermore, comparisons of the measured electric gradient profile with the pre­
dicted one displays some differences in the cathode region (Figure 7.14). The zone 
of low electric conductivity is further inward from the soil from the cathode than 
the predicted conductivity. This results in differences in the predicted and measured 
rates of species transport.
The effect of differences in measured and predicted electric gradient on lead 
transport is apparent after 50 days. Figure 7.25 shows comparison of the predicted 
lead profile after 50 days and the measured profile after 53 days. Both profiles display 
significant decrease in lead across the specimen (less than 2,000 g g j g ) .  The predicted 
profile is lower than the measured one in the first 40 to 45 cm from the anode. It is 
interesting to note that both profiles display similar qualitative agreement near the 
cathode. A small hump is developed in both of them. The predicted hump is located 
at a distance of 60 cm from the anode at a concentration of about 2,000 g g j g .  The 
experimental results display a similar hump at a distance of 45 to 50 cm from the 
anode at a concentration of 2,000 g g j g .  A s  discussed elsewhere, the different rates 
of transport after and before the hump are the main reason for its development.
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Figure 7.24: A Comparison of Pilot-Scale Test Results and Modeled Total Lead 
Concentration After 22 and 37 Days
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The increase in the predicted electric gradient occurs only in the last 5 cm near the 
cathode. In the experiment, the zone of high electric gradient advances to about 
15 cm  into the soil from the cathode. These differences result in differences in the 
predicted and measured rates of lead transport and consequently lead profiles near 
the cathode.
The model results and their comparisons with the pilot-scale test results demon­
strate that the principles of multispecies transport under an electric field have been 
quite well understood and formalized. EK-REM displays excellent predictions of 
transport and precipitation of lead and pore pressure distribution across the elec­
trodes. This model should be improved to develop into a design/analysis tool in 
electrokinetic remediation.
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Chapter 8 
SUM M ARY A N D  CONCLUSIONS
8.1 Sum mary
Natural concentrations of heavy metals in soil deposits are not high; however, 
studies have indicated that many areas near urban complexes, metalliferous mines 
or major roads display abnormally high concentrations of these elements. Soil con­
tamination with lead, which may result from its use in petrol, paints, batteries, and 
pesticide, smelting of metals and mining, and disposal of lead-acid storage batteries, 
hcis been documented at concentrations that may go up to 10% to 20% by weight. 
Compared to other hazardous species, lead is shown to be the most frequently iden­
tified species in hazardous waste sites listed on the NPL.
A variety of options may exist to select a cleanup remedy at a site, however 
the efficiency and costs of these options may vary widely. Most of the existing 
remediation technologies are limited to soils with high hydraulic conductivities and 
are not effective in removing heavy metals adsorbed on soil particles, particularly 
fine-grained deposits. There exists a need to introduce cost-effective, innovative, 
and preferably in-situ remediation technologies.
Electrokinetic soil processing is a new, innovative, and cost-effective remedi­
ation technology that employs conduction phenomena under electric currents for 
transport, extraction, and separation. A low level direct electric current (or elec­
tric potential difference) is applied across contaminated soil deposits through inert 
electrodes placed in holes or trenches in the soil filled with processing fluids. The 
applied electric current leads to electrolysis reactions at the electrodes generating
272
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an acidic medium at the anode and an alkaline medium at the cathode. The elec­
tric field across the contaminated soil mass leads to transport of hydrogen ion from 
the anode to the hydroxyl ion from the cathode to the anode. The hydrogen ion 
transport is faster than the base transport due to high ionic mobility of which is 
further enhanced with the electroosmotic flow. The soil mass is thus acidified. This 
acidification facilitates desorption and dissolution of heavy metals in the soil pore 
fluid.
Charged species present in the soil pore fluid or desorped from the soil surface are 
transported under electric fields towards the electrodes depending on their electric 
charge. The driving mechanisms for species transport are ion migration by electrical 
gradients, pore fluid advection by prevailing electroosmotic flow, pore fluid flow due 
to any externally applied or internally generated hydraulic potential difference, and 
diffusion due to generated chemical gradients. As a result, cations are accumulated 
at the cathode and anions at the anode, while there is a continuous transfer of 
hydrogen and hydroxyl ions across the medium. Various bench-scale studies on the 
feasibility of the process have shown that heavy metals and other cationic species 
can be removed from the soil specifically when process enhancement techniques are, 
such as electrolyte conditioning, are employed.
The demonstrated feasibility of the process prompted the need to formalize 
multispecies transport under an electric field. It was necessary to assess the validity 
of the hypothesized principles of the process through comparisons of the predictions 
a theoretical model with experimental results.
A mathematical model is formulated utilizing the principles of conservation of 
matter and energy to species transport under an electric field. Fluxes of fluid, charge, 
and species in a saturated soil under coupled hydraulic, electric, and chemical po­
tential gradients together with the principles of conservation of matter and energy 
are used to describe multispecies transport by a set of differential equations. A set
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of algebraic nonlinear equations describes the chemical reactions among the species 
in the soil pore fluid. These equations describe sorption, precipitation/ dissolution, 
aqueous phase, water auto-ionization, and electrolysis reactions. A model describing 
coupled reactive transport of lead in soils under an electric field is thus formulated 
by a set of differential/algebraic equations. Six differential equations and four al­
gebraic equations are used to model the transport of 77+, 0 H ~ , N 0 3 ~ , the 
associated chemical reactions, the electric potential, and the hydraulic head across 
the electrodes.
An iterative scheme is chosen for solution. The Finite Element Method is used in 
space discretization. The Finite difference technique is used for in time discretization. 
Two-dimensional 8-nodal quadratic isoparametric elements are specified and are 
employed in domain discretization. The Bisection method is used for solving the 
algebraic equations.
Three pilot-scale tests are conducted in order to investigate the effect of up- 
scaling bench-scale tests and to demonstrate the feasibility and cost efficiency of 
electrokinetic soil remediation at dimensions representative of field conditions. Two 
of these tests are conducted on kaolinite samples spiked with lead nitrate solution 
at lead concentrations of 856 tig /g  and 1,533 figlg. The third test is conducted on 
a kaolinite/sand mixture, loaded with lead at a concentration of 5,322 ggjg . The 
samples are compacted at the wet of optimum to achieve a high degree of saturation. 
Inert graphite electrodes are used in both anode and cathode compartments. The 
physicochemical changes in the soil are monitored during processing. Voltage probes 
are used to monitor electric potential distribution across the soil, thermocouples to 
monitor the temperature changes, tensiometers, transducers to measure suction, and 
pH meters to monitor cathode and anode pH. The experiments are connected to a 
data acquisition system and a constant current density of 133 /iA/cm^ is applied 
across the soil. Two bench-scale tests are also conducted on kaolinite samples spiked
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with lead at a concentration of 1,439 uglg. In these tests, a constant current density 
of 127 fiAfcm'^ is applied.
The results of the third pilot-scale test conducted at a lead of 5,322 ngjg  are 
used to compare the predictions of the mathematical model with pilot-scale test 
results. Species concentration, electric potential, and hydraulic potential profiles in 
space and time are compared. Distributions of pH, different forms of lead (pore 
fluid, precipitated, adsorbed, and total), pore water pressure, electric potential, and 
electric potential gradient are evaluated to be within the predictions of the model. 
Pilot-scale tests also demonstrated the effect of up-scaling on the efficiency of the 
process.
8.2 Conclusions
The following conclusions are derived from this study.
•  In unenhanced electrokinetic processing, electrolysis reactions at the electrodes 
in pilot-scale tests result in an increase in the catholyte pH to about 11 and a 
decrease in the anolyte pH to less than 2. These findings are no different than 
those of bench-scale tests. Most pH changes at the electrode compartments 
occur within the first 100 h of processing.
•  Test set-up and/or high suction values in PSTl resulted in development of 
cracks close to the cathode zone. Development of such cracks in pilot-scale 
testing results in a nonuniform final lead distribution due to accumalation of 
lead in the permeativity of the cracks.
•  The results of the second and third pilot scale tests, conducted at initial lead 
concentrations of 1,533 y-gjg and 5,322 gg jg  respectively, demonstrate the 
feasibility of the process for tranport and removal of lead from pilot-scale
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specimens. More than 90% removal is achieved across the second-pilot test, 
except the last 7 cm  near the cathode. Lead hydroxide precipitation in the 
high pH environment near the cathode results in high lead concentrations with 
the cathode zone. The results also indicate that placement of the cathode, in 
direct contact with the soil or at a distance from the soil greatly influences the 
amount of lead precipitated or electrodeposited at the cathode.
•  Unenhanced pilot-scale application of electrokinetic soil remediation results 
in development zone low electric conductivity in the soil sections in direct 
contact with the cathode (up to midsections). Though final electrical gradients 
across the electrodes are 2-3 V/cm in bench-scale tests and 4-4.5 in pilot-scale 
tests, most of the electric potential drop occurs in the last section near the 
cathode (last 10 cm in pilot-scale tests). The results demonstrate that the 
electrical gradient effective in species transport across most parts of the soil is 
only 0.01 to 0.1 Vjcm . The electric gradient near the cathode may go up to 
20 y /cm ; however, this gradient is ineffective in lead transport because lead 
hydroxide precipitation within that zone, substantially decreases the ionic lead 
concentration in the pore fluid.
• The nonlinear electric potential distribution resulted in development of a suc­
tion profile across the soil; even when an open electrode configuration is used 
at both the anode and the cathode. A decrease in water content occurred in 
midsection indicating soil consolidation. An increase of water content near the  
anode is observed as a result of swelling and dispersion of clay particles into 
the catholyte and anolyte.
• Temperature changes are measured only in the pilot-scale test conducted at 
an initial concentration of 1,533 uglg., a current density of 133 gg jg  and an 
electrical gradient of 2-4 vjcm . The temperature increase is about 19°C in the
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soil near the cathode, 17°C in the cathode compartment, and about 12°C in the 
anode compartment. The temperature profile is similar to that of the voltage 
profile across the specimen; sections with higher temperatures are located at 
sections of higher voltage drop. The effect of temperature increase on the 
process has not been investigated.
• No electroosmotic flow is measured in pilot-scale tests at concentrations of 
1,533 fig I g 5,322 g g j g. Ionic migration is the major species transport mech­
anism in these tests. The results provide another testimony to the fact that 
ionic migration is the most significant charged species transport mechanism in 
a low-permeability saturated soil.
•  Energy expenditure varies over a range from 325 to 700 kW h/m ^  in pilot-scale 
tests and from 60 to 330 kW hjm ^  in bench-scale tests. Variation among the 
pilot-scale tests is due to differences in processing periods. The reason for the 
increase in energy expenditure is the development of the zone of low electric 
conductivity near the cathode. Enhancement techniques may be necessary to 
avoid precipitation within the cathode zone and consequently to decrease en­
ergy expenditure. The steady state electric power is similar in pilot-scale tests 
and is in the range of 300 wattlm ^. Steady state electric power in pilot-scale 
tests is about half that in bench-scale tests (around 600 w attfm ^). Tempera­
ture losses would be largest in bench-scale tests and may contribute to these 
differences.
• The predicted pH distribution shows a decrease at the anode to about 2 and an 
increase at the cathode to around 7. The rate of advance of the acid towards 
the cathode is higher than the rate of advance of the base towards the anode. 
Predicted Steady state pH distribution does not show a breakthrough of the 
acid at the cathode. Steady state acid/base interface is located in the Icist 2 cm
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near the cathode. The predicted pH profiles at 8 , 15, and 22 days demonstrate 
reasonable agreement with the experiment. Although a retardation factor of 
4.6 is used for transport, the predicted distributions show a faster rate of 
transport of the acid front than the experiment.
• The model predicted that lead desorption occurs as a result of the decrease in 
the soil pH and decrease in the pore fluid lead concentration. In the pilot-scale 
test with 5,322 ^g!g of lead, desorption is delayed for about 10 days because of 
the high initial concentration in the pore fluid. The model demonstrates that 
precipitation of lead hydroxides to about 16,000 fig /g near the cathode results 
an increase in soil pH. Predicted total lead distribution after 8 , 15, 22, 37, and 
50 days of processing show good agreement with the result of the pilot-scale 
test conducted.
• Electrical gradient distributions predicted by the model display agreement with 
those of the experiment, except for sections near the cathode. The zone of low 
electric conductivity at the cathode is further advanced towards midsections of 
the specimen in the experiment than the model resulting in lower total voltage 
distribution across the specimen in the model than the experiment.
• Development of zones of low electric conductivity near the cathode at later 
stages of electrokinetic soil processing results in sharp fronts in concentration 
and pH profiles. These fronts cause numerical difficulties and require special 
treatment in space and time discretization.
• The model predictions demonstrate that multispecies transport under an elec­
tric field is quite well understood and rationalized. Ionic migration is the dom­
inant transport mechanism for heavy metals under an electric field specifically 
when the coefficient of electroosmotic permeability is less than 10~® cm'^/Vs.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
279
Advective transport under electric gradient (or electroosmosis) depends on the 
soil type; however, even when the coefficient of electroosmotic permeability 
is of the order of 10"* crn^jVs (lower activity clays at high water contents), 
the mass fluxes of and 0 H ~  are at least 10 fold by ion migration. Ad- 
vection under a hydraulic head difference is significant for soils with hydraulic 
conductivities that are higher than 10“® cm fs. Diffusion is significant only at 
concentration and pH fronts because of the high concentration gradients.
8.3 Considerations for In-situ  Im plem entation
• Bench-scale and pilot-scale studies show that there are no major restrictions 
on the soil type, ranging from clay to fine sand deposits. Generally, high 
water content and low activity soils will result in most efficient conditions 
for the process (Acar and Hamed 1991). High activity soils will display high 
retardation for heavy metals transport and high buffering capacities for pH 
changes. Excessive acid generation will be required for such cases in order to 
facilitate desorption of heavy metals.
• The results of the pilot-scale tests conducted in this study together with the re­
sults of Lageman (1989) and (1993) demonstrate the feasibility of electrokinetic 
soil remediation in full field applications. Precipitation of heavy metals within 
the cathode region due to the alkaline environment is expected to decrease the 
efficiency of the process and increase energy expenditure. Enhancement tech­
niques such as controlling the chemistry at the cathode may be necessary to 
increase the efficiency of removal. Acar et al. (1993b) discuss techniques to 
depolarize the cathode reaction with acetic acid.
• The process could be used with other remediation technologies, depending 
on the soil and contaminant type, to achieve more efficient and cost-effective
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in-situ clean-up. The electrokinetic process could be used together with soil- 
washing in soil deposits with relatively high hydraulic conductivities to ac­
celerate species transport and removal. Combined use of bioremediation and 
electrokinetics is an area that is gaining attention for removing organics from 
soil deposits.
• The process could be used for a wide range of species. The results of pilot-scale 
tests demonstrate that the process is successfully used for removal of ionic lead 
from soils. Other bench-scale data indicate the feasibility of removal of various 
charged species including heavy metals, radionuclides, and selected organics. 
Removal of free phase non-polar organics is envisioned to be possible with the 
use of surfactants to form micelles.
• Higher initial concentrations of contaminants do not have any major limitations 
on the process. Existing data show successful removal of up to levels 
of 10,000 iig lg  and up to 5,000 gg lg . The results of pilot-scale tests 
demonstrate that lead at high concentrations of 5,000 g g /g  could be efficiently 
removed deposits with low hydraulic conductivity ( 10“  ^ cm /s).
• The process could work for a mixture of heavy metals and their salts. The acid 
generated at the anode is necessary to cause dissolution of salts present into 
soluble ionic species and the removal efficiency will be affected by the mobility 
of each ion and its concentration.
• The current levels reported are in the order of milliamps per square cm of 
electrode area. Although high current levels generate more acid that will work 
for the process, it increases the total ionic concentration that will decrease 
the overall electroosmotic flow. Furthermore, the transport numbers of other 
species may decrease as a result of the increase in i/"*" concentration. A current 
density of 0.13 m Ajcm ?  is efficiently used for this study.
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• Inert anodes such as graphite, carbon or platinum should be used in order to 
avoid introduction of secondary corrosion products. Any conductive material 
that will not corrode in the basic environment may be used as the cathode.
• Open electrode configuration is essential for the process. The electrodes can be 
placed horizontally or vertically. One-dimensional flow conditions or a hexag­
onal network of electrodes with radial flow towards a central cathode may be 
used. When two dimensional electrode layout is employed, it is necessary to 
assess the effect of coupling between the electrical gradients.
• Spacing will depend upon the type and level of contaminants, the selected 
current, the voltage, and the enhancement regime. A substantial decrease in 
efficiency of the process may be encountered due to increases in temperature 
when higher electric potentials are generated. Increasing the spacing between 
the electrodes may require longer processing periods. However, increasing the 
electrode spacing is expected to result in less electric power expenditure per unit 
volume {wattlm ^). Furthermore, a substantial decrease in energy expenditure 
is expected if enhancement techniques are used.
8.4 R ecom m endations for Future Studies
The following future studies are recommended:
• Precipitation near the cathode will result in immobilization of species transport 
and increase in energy expenditure. Bench-scale and pilot-scale studies are 
already ongoing on enhancement techniques for the process. It is essential to 
formalize these techniques in the model and assess their predictions.
• The presence of a complex of species, salts, or organics in the soil will affect 
the species transport. Lead and lead hydroxides are included in this study.
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It is recommended that assessment be made of the effect of complexation and 
solubility of salts on efficiency.
•  The presence of carbonate and carbonate minerals, their dissolution, and their 
transport are expected to greatly influence the transport of species. They may 
significantly affect efficiency of the process and should be investigated.
•  The numerical model developed accounts only for lead hydroxide precipita­
tion, water autoionization, and sorption. The model should be modified for 
other chemical reactions of other species and dissolution reactions. Chemical 
reactions described in the model should be generalized for multiple chemical 
species.
• Conventional theoretical models on electroosmotic consolidation of soft soils 
have disregarded the effect of chemistry changes on the electric potential dis­
tribution. Future research in this area should account for the nonlinearity in 
the electric potential distribution.
• Work has been initiated at LSU on electrokinetic enhancement of bioremedia­
tion. This area seems to offer significant promise in removing organic species 
from soils. Species transport under an electric field may well be one area that 
would render bioremediation more efficient and cost-effective.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
REFERENCES
Acar, Y. B. and Gale, R. J. (1986) “Decontamination of Soils Using Electroos­
mosis,” Proposal submitted to the Board of Regents of the State of Louisiana, 
LEQSF Research Development Program Office of Research Coordination, 
Louisiana State University, Baton Rouge, La.
Acar, Y. B. and Olivieri, I (1989) “Pore Fluid Effect on the Fabric and Hy­
draulic Conductivity of Laboratory Compacted Clay,” Transportation Research 
Record, No. 1219, pp. 144-159.
Acar, Y. B. and Cale, R. J. (1992) “Electrochemical Decontamination of Soils 
and Slurries,” US Patent 5137608, 11 August.
Acar, Y. B. and Hamed, J. (1992) “Electrokinetic Soil Processing in Remedi­
ation/ Treatment ; Synthesis of Available Data,” Bulletin o f the Transportation 
Research Record, No. 1312, Soils Geology and Foundations, Ceotechnical En­
gineering.
Acar, Y. B. and Alshawabkeh, A. N. (1993) “Principles of Electrokinetic Re­
mediation,” Environmental Science and Technology, Vol. 27, No. 13, pp. 
2638-2647.
•  Acar, Y. B. and Alshawabkeh, A. N. (1994) “Modeling Conduction Phenomena 
in Soils Under an Electric Current,” Proceedings of XIII International Confer­
ence on Soil Mechanics and Foundation Engineering (ICSMFE), Oxford and 
IBH Publishing, New Delhi, India, V. 2, pp. 662-669.
•  Acar, Y. B., Gale, R., Putnam, C., Hamed, J. and Juran, I. (1988) “Deter­
mination of pH Gradients in Electro-Chemical Processing of Soils,” Report 
presented to the Board of Regents of Louisiana, Civil Engineering Department, 
LSU, July 1988, 119p.
•  Acar, Y. B., Gale, R. J., Putnam, C. and Hamed, J. (1989) “Electrochemical 
Processing of Soils: Its Potential Use in Environmental Geotechnology and 
Significance of pH Gradients,” 2nd International Symposium on Environmental 
Geotechnology, Shanghai, China, May 14-17, Envo Publishing, Bethlehem, PA, 
Vol. 1, pp. 25-38.
e Acar, Y. B., Gale, R. J., Hamed, J. and Putnam, G. (1990) “Electrochemical 
Processing of Soils: Theory of pH Gradient Development by Diffusion and 
Linear Convection,” Journal of Environmental Science and Health, Part (a); 
Environmental Science and Engineering, Vol. 25, No. 6 , pp. 687-714.
Acar, Y. B., Hamed, J., Gale, R. J. and Putnam, G. (1991) “Acid/Base Distri­
butions in Electro-osmosis,” Transportation Research Record, No. 1288, Soils 
Geology and Foundations, Geotechnical Engineering, 1990, pp. 23-34.
Acar, Y. B., Alshawabkeh, A. N., and Gale, R. J. (1992a) “A Review of fun­
damentals of Removing Contaminants by Electrokinetic Soil Processing,” Pro­
ceedings of the Mediterranean Conference on Environmental Geotechnology, 
edited by Usmen, M. and Acar, Y., Cesme, Turkey, May 1992, pp. 321-330.
283
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
284
• Acar, Y. B., Li, H. and Gale, R. J. (1992b) “Phenol Removal From Kaolinite 
by Electrokinetics,” ASCE, Journal of Geotechnical Engineering, Vo. 118, No. 
11, pp. 1837-1852.
•  Acar, Y. B., Gale, R. J., Ugaz, A., and Puppala, S. (1992c) “Feasibility of 
Removing Uranium, Thorium, and Radium from Kaolinite by Electrochemical 
Soil Processing” Report prepared by Electrokinetics, Inc. for Office of Research 
and Development, Risk Reduction Engineering Laboratory, USEPA, Report 
No. EK-BR-009-0292, 243 p.
• Acar, Y. B., Alshawabkeh, A. N., and Gale, R. (1993a) “Fundamentals of Ex­
tracting Species from Soils by Electrokinetics,” Waste Management, Pregamon 
Press, London, Vol. 12, No. 3, pp. 141-151.
•  Acar, Y. B., Puppala, S., Marks, R., Gale R. J., and Bricka, M. (1993b) “An 
Investigation of Selected Enhancement Techniques in Electrokinetic Remedia­
tion,” Report presented to US Army Waterways Experiment Station, Electroki­
netics Inc., Baton Rouge, Louisiana, 23Op.
• Acar, Y. B., Hamed, J., Alshawabkeh, A. N., and Gale, R. (1994a) “Cd(II) Re­
moval From Saturated Kaolinite by Application of Electrical Current,” Geotech­
nique, June 1994 (in press).
• Acar, Y. B., Gale, R. J., Alshawabkeh, A. N., Marks, R., Bricka, M., and 
Parker, R. (1994b) “Electrokinetic Remediation; Basics and Technology Trans­
fer,” Journal of Hazardous Waste Management (in press).
• Alloway, B. J. (1990) ‘^Heavy Metals in Soils,^ John Wiley & Sons Inc., New 
York, 339p.
• Alshawabkeh, A. and Acar, Y. (1992) “Removal of Contaminants from Soils 
by Electrokinetics: A Theoretical Treatise,” Journal of Environmental Science 
and Health, A27(7), pp. 1835-1861.
• Alshawabkeh, A. and Acar, Y. (1993) ^^Discussion on (A New Apparatus for 
the Evaluation of Electrokinetic Processes in Hazardous Waste Management) 
by Yeung, A. T., Sadek, M. S., and Mitchell, J. K.” ASTM  Geotechnical Testing 
Journal, 16(3), pp. 397-398.
• Amba, S. A., Chilingar, G. V. and Beeson, C. M. (1964) “Use of Direct Electri­
cal Current for Increasing the Flow Rate of Reservoir Fluids During Petroleum 
Recovery,” Journal of Canadian Petroleum Technology, Spring 1964, pp. 6-14.
• Arbuckle, J., Bosco, M., Case, D., Laws, E., Martin, J., Miller, A., Randle, R., 
Stoll, R., Sullivan, T., Vanderver, T., and Wilson, P. (1989) ^Environmental 
Law Handbook,'” Tenth Edition, Government Institutes, Inc., Rockville, MD, 
664p .
• Austin, Teresa (1993) “Superfund: New Leadership, Old Problems” ASCE, 
Civil Engineering, V. 63, No. 3, March 1993, pp. 46-49.
• Ballou, E. V. (1955) “Electro-osmotic Flow in Homoionic Kaolinite,” Journal 
of Colloid Science, Vol. 10, No. 5, pp. 450-460.
•  Banerjee, S., Horng, J., Ferguson, J., and Nelson, P. (1990) “ Field Scale 
Feasibility of Electrokinetic Remediation,” Report presented to USEPA, Land 
pollution Control Division, PREL, CR 811762-01, 122p.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
285
• Banerjee, S. and Mitchell, J. K. (1980a) “In-Situ Volume-Change Properties 
by Electro-Osmosis — Theory,” ASCE, Journal of Geotechnical Engineering 
Division, Vol. 106. No. GT4, pp. 347-365.
•  Banerjee, S. and Mitchell, J. K. (1980b) “In-Situ Volume-Change Properties by 
Electro-Osmosis — Evaluation,” ASCE, Journal of Geotechnical Engineering 
Division, Vol. 106, No. GT4, pp. 367-841.
•  Bathe, K. and Wilson, E. (1976) ^^Numerical Methods in Finite Element Anal­
ysis'' Prentice-Hall, Inc., 528 p.
•  Bear, J. (1972) “Dynamics o f Fluids in Porous Media," American Elsevier, 
New York, 764 p.
•  Bruch, J. C. (1976) “Electro-Osmosis in Ground Water Pollution Control,” 
PB-273 377 Report, National Science Foundation, UCSB-M E-76-1, 80 p.
•  Bruell, C., Segal, B., and Walsh, H. (1992) “Electroosmotic Removal of Gaso­
line Hydrocarbons and TGE from Clay,” ASCE, Journal of Environmental 
Engineering, Vol. 118, No. 1, pp. 68-83.
•  Burnett, D. S. (1987) “Finite Element Analysis: From Concepts to Applica­
tions" Addison-Wesley Publishing Company, 844 p.
•  By, T. (1992) “Hydraulic Fracture and Conductor Installation: Effect on load 
Carrying Capacity of Neighboring Piles,” Report, NGI Report 521660, Oslo, 
Norway.
•  Casagrande, L. (1952) “Electroosmotic Stabilization of Soils,” Journal o f Boston 
Society o f Civil Engineers, Vol. 39, No. 1, pp. 51-83.
•  Casagrande, L. (1983) “Stabilization of Soils by Means of Electro-Osmosis: 
State of the Art,” Journal of Boston Society of Civil Engineering, ASCE, 69(2), 
pp. 255-302.
•  Corapcioglu, M. Y. (1991) “Formulation of Electro-Chemico-osmotic Preo- 
cesses in Soils,” Transport in Porous Media, No. 6 , pp. 435-444.
•  Dahab, M., Kelly, W ., and Goderya, F. (1992) “Removal of Metallic Contam­
inants in Unsaturated Soils Using Electrokinetics,” DOE Workshop on Elec­
trokinetics, January 22, Atlanta, Georgia.
•  Dean, J. A. (1985) “Lange’s Handbook of Chemistry," 14th. Edition, McGraw 
Hill, New York, 1856p.
•  Esrig, M. I. (1968) “Pore Pressures, Consolidation, and Electrokinetics,” ASCE, 
Journal of Soil Mechanics and Foundation Division, Vol 94, No. SM4, pp. 899- 
921.
•  Eykholt, G. R. (1992) “Driving and Complicating Features of the Electrokinetic 
treatment of Contaminated Soils” Dissertation presented to the Faculty of the 
Graduate School of the University Texas at Austin in Partial Fulfillment of the 
requirements for the Degree of Doctor of Philosophy, 269 p.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
286
• Finno, R. J., Chung, K. Y., Yin, J., and Feldcamp, J. R. (1994) “Permeability 
from Results of A /C  Electroosmosis Experiments,” Abstract submitted for 
the Geoenvironment-2000, ASCE Specialty Conference on Characterization, 
Containment, Remediation, and Performance in Environmental Geotechnics, 
New Orleans, 14-16 February, 1995.
• Gilham, R. W. and Cherry, J. A. (1982) “Contaminant Migration in Saturated 
Unconsolidated Geologic Deposits,” Geological Society of America, Special Pa­
per 189, pp. 31-61.
• Gladewell, J. K. (1965) “Practical Application of Electroosmosis,” New Zealand 
Engineering, Vol 20, No. 2, pp. 66-72.
•  Gokmen, C. (1994) “Contaminant Transport and the Leachabiltiy of Chemical 
Species Through Phosphogypsum,” Masters Thesis, Louisiana State University
• Gray, D. H. and Mitchell, J. K. (1967) “Fundamental Aspects of Electroosmosis 
in Soils,” ASCE, Journal of the Soil Mechanics and Foundation Division, Vol. 
93, No. SM6 , pp. 209-236.
• Gray, D. H. and Schlocker, J. (1969) “Electrochemical Alteration of Clay Soils,” 
Clays and Clay Minerals, Vol. 17, pp. 309-322.
• Gray, D. H. and Somogyi, F. (1977) “Electroosmotic Dewatering with Polarity 
Reversals,” ASCE, Journal of Ceotechnical Engineering, Vol. 103, No. G Tl, 
pp. 51-54.
• Groenevelt, P. H. and Bolt, G. H. (1969) “Non-Equilibrium Thermodynamics 
of the Soil-W ater-System,” Review Paper, Journal of Hydrology, Vol. 7, pp. 
358-388.
•  Hamed, J. (1990) “Decontamination of Soil Using Electro-osmosis,” A Dis­
sertation  submitted to the Graduate School of Louisiana State University in 
Partial Fulfillment of the Degree of Doctor of Philosophy.
•  Hamed, J., Acar, Y. B. and Gale, R. J. (1991) “Pb(II) Removal from Kaolin­
ite by Electro-kinetics,” ASCE, Journal of Ceotechnical Engineering Division, 
Vol. 117, No. 2, February 1991, pp. 241-271.
• Hamnet, R. (1980) “A Study of the Processes Involved in the Electro Recla­
mation of Contaminated Soils,” Master Thesis, University of Manchester, Eng­
land, 84p.
• Harrison, R. and Laxen, (1981) “Lead Pollution Causes and Control,” Chap­
man and Hall, 168p.
• Harter, R. D. (1983) “Effect of Soil pH on Adsorption of Lead, Copper, Zinc, 
and Nickel,” Soil Science Society of America Journal, No. 47, pp. 47-51.
• Ho, S. V., Sheridan, P. W., Athmer, C. J., Brodsky, P., Heitkamp, M., and 
Brackin, J. (1993) “Innovative Soil Remediation Technology” I&EC Division, 
ACS Special Symposium on Emerging Technologies in Hazardous Waste Man­
agement V, Atlanta, Georgia, Editor, Tedder, W., Vol. II, pp. 731-734.
•  Holmes, P. J. (1962) “The Electrochemistry of Semiconductors,” Academic 
Press, London, 396 p.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
287
• Hunter, R. J. (1981) ‘‘Zêta Potential in Colloid Science," Academic Press, 
London, 386p.
• Jennings, A. A., Kirkner, D. J., and Theis, I. L. (1982) “Multicomponent 
Equilibrium Chemistry in Ground Water Quality Models,” Water Resources 
Research, No. 18(4), pp. 1089-1096.
•  Johnston, I. and Butterfield, R. (1977) “A laboratory Investigation of Soil 
Consolidation by Electroosmosis,” Australian Geomechanics Journal, Vol. G7, 
No. 1, pp. 21-32.
• Kirkner, D. J., Theis, I. L., and Jennings, A. A. (1984) “Multicomponent 
Solute Transport with Sorption and Soluble Complexation,” Advances in Water 
Resources, No. 7, pp. 120-125.
• Kirkner, D. J. and Reeves, M. (1988) “Multicomponent Mass Transport with 
Homogeneous and Heterogeneous Chemical Reactions: Effect of the Chemistry 
on the choice of Numerical Algorithm, 1, Theory,” Water Resources Research, 
Vol. 24, No. 1, pp. 1719-1729.
•  Kirkner, D. J., Theis, I. L., and Jennings, A. A. (1985) “Multicomponent Mass 
Transport with Chemical Interactions Kinetics,” Journal of Hydrology, 76, pp. 
107-117.
• Koryta, J. and Dvorak, J. (1987) “ Principles of Electrochemistry", John Whily 
and Sons, New York, 447p.
• Kotz J. C. and Purcell,K. F. (1987) ^''Chemistry and Chemical Reactivity" Saun­
ders College Publishing, 1020p.
• Kreyszig, E. (1988) '^Advanced Engineering Mathematics" Sixth Edition, John 
Wiley and Sons, Inc., 1294p.
•  Krizek, R. J., Gularte, F. B., and Hummel, P. L. (1976) “Stabilization of 
Polluted Dredging by Electroosmosis,” ASCE National Water Resources and 
Ocean Engineering Convention, San Diego.
• Kruyt, H. R. (1952) '"''Colloid Science (I): Irreversible Systems," Elsevier Pub­
lishing Company, 389 p.
• Lageman, R. (1993) “Electro-Reclamation,” Journal of Environmental Science 
and Technology, Vol. 27, No.13, pp. 2648-2650.
• Lageman, R., Wieberen, P., and SefBnga, G. (1989) “Electro-Reclamation; 
Theory and Practice,” Chem. Ind. London, 9, pp. 585-590.
•  Langmuir, D. (1987) “Overview of Coupled Processes with Emphasis on Geo­
chemistry,” in Coupled Processes Associated with Nuclear Waste Repositories, 
edited by Tsang, C. F., Academic Press, San Diego, Calif.
•  Lewis, R. W. and Humpheson, C. (1973) “Numerical Analysis of Electro- 
Osmotic Flow in Soils,” ASCE, Journal of Soil Mechanics and Foundation 
Division, Vol. 99, No. SM8 , pp. 603-616.
•  Lewis, R. W., Humpheson, C. and Bruch, J. (1975) “Applications of Electro- 
Osmosis to Ground Water Flow Problems,” Ground Water, Vol. 13, No. 6, 
pp. 484-491.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
288
• Lewis, F. M., Voss, C. I., and Rubin, J. (1987) “Solute Transport with Equilib­
rium Aqueous Complexation and Either Sorption or Ion Exchange; Simulation 
Methodology and Applications,” Journal of Hydrology, 90, pp. 81-115.
•  Lichtner, P. C. (1985) “Continuum Model for Simultaneous Chemical Reactions 
and Mass Transport in Hydrothermal Systems,” Geochim. Cosmochim. Acta, 
No. 49, pp. 779-800.
•  Lindgren, E., Mattson, E., and Kozak, M. (1992) “Electrokinetic Remedia­
tion of Contaminated Soils,” DOE Workshop on Electrokinetics, January 22, 
Atlanta, Georgia.
•  Lockhart, N. (1981) “Sedimentation and Electroosmotic Dewatering of Coal- 
washery Slimes,” Fuel, Vol. 60, No. 10, pp. 919-923.
•  Lockhart, N. (1983) “Electroosmotic Dewatering of Clays. II. Influence of Salt, 
Acid, and Flocculants,” Colloids and Surfaces, No. 6 , pp. 239-251.
• Lockhart, N. and Stickland, R. (1984) “Dewatering Coal Washery Tailing 
Ponds by Electroosmosis,” Powder Technology, Vol. 40, No 1-3, pp. 215-221.
• Lorenz, P. B. (1969) “Surface Conductance and Electrokinetic Properties of 
Kaolinite Beds,” Clays and Clay Minerals, Vol. 17, pp. 223-231.
•  Mangold, D. C. and Tsang, C. (1991) “A Summary of Subsurface Hydrological 
and Hydrochemical Models,” Review of Geophysics, 29, 1/February 1991, pp. 
51-79.
• Manguire, M., Slavek, J., Vimpany, L, Higginson, F., and Pickering, W. (1981) 
“Influence of pH on Copper and Zinc Uptake by Soil Clays,” Australian Journal 
of Soil Research, Vol. 19, pp. 217-229.
•  Miller, C. W. and Benson, L. V. (1983) “Simulation of Solute Transport in a 
Chemically Reactive Heterogeneous System; Model Development and Appli­
cation,” Water Resources Research, "Vol. 19, No. 2, pp. 381-391.
•  Mise, T. (1961) “Electroosmotic Dewatering of Soil and Distribution of Pore 
Water Pressure,” Proceedings of the 5th ICSMFE, Paris, Vol. 1, pp. 255-257.
• Mitchell, J. K. (1986) “Potential Uses of Electrokinetics for Hazardous Waste 
Site Remediation,” Proceedings of the USEPA -  University of Washington 
workshop on electrokinetic treatment and its application in environmental- 
geotechnical engineering for hazardous waste site remediation, Seattle.
• Mitchell, J. (1991) “Conduction Phenomena: from Theory to Geotechnical 
Practice,” 31st. Rankine Lecture of the British Ceotechnical Society, Ceotech- 
nique. Vol. XLI, No. 3, pp. 299-340.
• Mitchell, J. K. (1993) ^Fundamentals of Soil Behavior,’^  John Wiley and Sons, 
New York, 437 p.
•  Mitchell, J. K. and Yeung, T. C. (1991) “Electro-kinetic Flow Barriers in 
Compacted Clay,” Transportation Research Record, No. 1288, Soils Geology 
and Foundations, Geotechnical Engineering 1990, pp. 1-10.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
289
• Mitchell, J. K., Greenberg, J. A., and Witherspoon, P. A. (1973) “Chemico- 
Osmotic Effects in Fine Grained Soils,” Journal of the Soil Mechanics and 
Foundations Division, Vol. 99, No. SM4, pp. 307-322.
• Morse, D. (1989) “W hat’s Wrong with Superfunds?” Civil Engineering, April, 
pp. 40-43.
• Nyeretse, P. (1985) “An Investigation of the Relation Between the Suction 
Potential and Swelling Potential of Compacted Soils” A Thesis presented to 
Louisiana State University in partial fulfillment of the degree of Master of 
Science in Civil Engineering, 76p.
•  Pamukcu, S., Khan, L., and Fang, H. (1990) “Zinc Detoxification of Soils by 
Electroosmosis,” Electro-kinetic Phenomena in Soils, Transportation Research 
Record, TRB, Washington, D C.
• Pamukcu, S. and W ittle, J. K. (1992) “Electrokinetic Removal of Selected 
Heavy Metals from Soil,” Environmental Progress, V. 11, No. 3, pp. 241-250.
• Pratt, P. F. (1961) “Effect of pH on the Cation Exchange Capacity,” Journal 
of Soil Science Society of America, Vol. 25, pp. 96-98.
•  Reddy, J. N. (1985) “An Introduction to the Finite Element Method!' McGraw- 
Hill, Inc., 495 p.
•  Rubin, J. (1983) “Transport of Reacting Solute in Porous Media; Relation 
Between Mathematical Nature of Problem Formulation and Chemical Nature 
of Reactions,” Journal of Water Resources Research, 19(5), pp. 1231-1252.
•  Runnels, D. D. and Larson, J. L. (1986) “A Laboratory Study of Electromi­
gration as a Possible Field Technique for the Removal of Contaminants from 
Ground Water,” Ground Water Monitoring Review, pp. 81-91, Summer 1986.
•  Runnels, D. D. and Wahli, C. (1993) “In Situ Electromigration as a Method 
for Removing Sulfate, Metals, and Other Contaminants from Groundwater,” 
Ground Water Monitoring Review, Winter 1993, pp. 121-129.
•  Segal, B. and Bruell, C. (1992) “Electroosmotic Contaminant-Removal Pro­
cesses,” ASCE, Journal of Environmental Engineering, Vol. 118, No. 1, pp. 
84-100.
• Segal, B., O’Bannon, C., and Matthias, J. (1980) “Electro-Osmosis Chemistry 
and Water Quality,” ASCE, Journal of the Geotechnical Engineering division. 
Vol. 106, No. GtlO, Oct. 1980, pp. 1143-1147.
•  Selim, H. M. (1992) “Modeling the Transport and Retention of Inorganics in 
Soils,” Advances in Agronomy, V. 47, pp. 331-384.
•  Shackelford, C. D. (1991) “diffusion of Contaminants through Wciste Contam­
inant Barriers,” Transportation Research Record, No. 1219, pp. 169-182.
•  Shackelford, C. D. and Daniel, D. E. (1991a), “Diffusion in Saturated Soil (1): 
Background,” ASCE, Journal of Geotechnical Engineering Division, Vol. 117, 
No. 3, March, 1991, pp. 467-484.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
290
• Shackelford, C. D. and Daniel, D. E. (1991b) “Diffusion in Saturated Soil (II): 
Results for Compacted Clay,” ASCE, Journal of Geotechnical Engineering Di­
vision, Vol. 117, No. 3, March, 1991, pp. 485-506.
o Shapiro, A. P. and Probstein, R. F. (1993) “Removal of Contaminants from 
Saturated Clay by Electroosmosis,” Environmental Science and Technology, 
Vol. 27, No. 2, pp. 283-291.
Shapiro, A. P., Renauld, P. and Probstein, R. (1989) “Preliminary Studies on 
the Removal of Chemical Species from Saturated Porous Media by Electro­
osmosis,” Physicochemical Hydrodynamics, Vol. 11, No. 5 /6 , pp. 785-802.
Stumm, W. (1992) “'Chemistry of the Solid-W ater Interface, Processes at the 
M ineral-W ater and Particle-W ater Interface in Natural Systems," A W iley- 
Interscience Publication, John Wiley & Sons, Inc., 428p.
Ugaz, A., Puppala, S., Gale, R., and Acar, Y. B. (1994) “Complicating Features 
of Electrokinetic Remediation of Soils and Slurries: Saturation Effects and the 
Role of the Cathode Electrolysis,” Communications in Chemical Engineering, 
accepted for publication.
• Ugaz et al (1994) accepted for publication. Communications in Chemical engi­
neering
• Volocchi, A. J., Street, R. L., and Roberts, P. V. (1981) “Transport of Ion- 
Exchanging Solutes in Groundwater: Chromatographic Theory and Field Sim­
ulations,” Journal of Water Resources Research, 17(5), pp. 1517-1527.
•  Simes, G. F. (1989) “Preparation Aids for the Development of PREL, Cat­
egory 111, Quality Assurance Project Plans,” USEPA Office of Research and 
Development, Risk Reduction Engineering Laboratory, Cincinnati, OH.
• Wan, T. and Mitchell, J. K. (1976) “Electro-Osmotic Consolidation of Soils” 
ASCE, Journal of Geotechnical Engineering Division,'Vo\. 102, No. GT5, pp. 
473-491.
Wittle, J. K. and Pamukcu, S. (1993) “Electrokinetic Treatment of Contami­
nated Soils, Sludges and Lagoons,” Report to Argonne National Laboratory.
Yeh, G. T. and Tripathi, V. S. (1989) “A Critical Evaluation of Recent De­
velopments in Hydrogeochemical Transport Models of Reactive Multichemical 
Components,” Water Resources Research, Vol. 25, No. 1, pp. 93-108.
Yeh, G. T. and Tripathi, V. S. (1991) “A Model for Simulating Transport of 
Reactive Multispecies Components; Model Development and Demonstration,” 
Water Resources Research, Vol. 27, No. 12, pp. 3075-3094.
Yeung, A. (1990) “Electro-Kinetic Barrier to Contaminant Transport through 
Compacted Clay” Dissertation  submitted in partial satisfaction of the require­
ments for the degree of Doctor of Philosophy in Civil Engineering in the Grad­
uate Division of the University of California at Berkeley, 260 p.
• Yeung, A. (1992) “Diffuse Double Layer Equation in SI Units,” Technical Note, 
ASCE, Journal of the Geotechnical Engineering Division, Vol. 118, No. 12, 
pp. 2000-2005.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
291
Yeung, A., Chung, M., Corapcioglu, Y., and Stallard, M. (1994) “One Dimen­
sional Experimental Studies on Electrophoresis of Clay,” Abstract submitted 
for the Geoenvironment-2000, ASCE Specialty Conference on Characteriza­
tion, Containment, Remediation, and Performance in Environmental Geotech­
nics, New Orleans, 14-16 February, 1995.
Yong, R. N., Warkentin, B. P. Phadungchewit, Y ., and Galves, R. (1990) 
“Buffer Capacity and Lead Retention in Some Clay Materials,” Journal of 
Water, Air, and Soil Pollution, No. 53, pp. 53-67.
Zwillinger, D. (1989) ''''Handbook of Differential Equations” Academic Press, 
Inc., San Diego, CA, 673p.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Appendix A 
EK-REM: PROGRAM  LISTING
292








































I "PROGRAM EK-REM" |
COUPLED REACTIVE M ULTICOMPONENT TRANSIENT 
SPECIES TRANSPORT UNDER 
ELECTRIC, HYDRAULIC, AND CHEMICAL GRADIENTS
AKRAM ALSHAWABKEH 
VALCINACAR
LOUISIANA STATE UNIVERSITY 
CIVIL ENGINEERING DEPARTMENT 
BATON ROUGE, LA 70803 
(504)388-8638
DATE: MAY, 1994
TH E VARIABLES IN THIS PROGRAM ARE SET FOR THE SPECIAL CASE PRESENTED IN THIS 
DISSERTATION. SOME VARIABLES ARE GIVEN IN THE PROGRAM ONLY FOR THE 
CASE PRESENTED. THE CODE ACCOUNTS ONLY FOR TH E CHEM ICAL REACTIONS 
IDENTIFIED IN THE SPECIFIC CASE OF LEAD REMOVAL.
DATA INPUT FILE IS "ek2.dat"
NUMNP =  No. O F NODAL POINTS (MAX. = 400)
NUMEL =  No. OF ELEMENTS (MAX. = 100)
NUMMAT= No. OF M ATERIAL (MAX. = 5)
NCONT = No. OF CONTAMINANTS (M AX = 10)
D T = TIM E STEP 
NCYCLE= No. O F TIME CYCLES 



















DIMENSION EGR2(800),PBTOT(800),CHECK(800),PPO(I0,800),HFLOW (I00), 
TFLOW (I00),PBTOTI(800),CONDUC(800)
DIMENSION X X (800),PO I(800),P02(800),P03(800),P04(800),POS(800)
CHARACTER*! I FNAME,FOUT
M TOT= TOTAL AMOUNT OF MEMORY ASSIGNED FOR DATA ENTRY.
MTOT=IOOOO




O PE N (II,FIL E=’an2.out',STATUS='NEW')
OPEN(I2,FILE='par2.oul’,STATUS='NEW’)







2000 F0R M A T(7X ,'**« pH AND ELECTRIC COND. DISTRIPUTION •••*V/,5X ,
• T IM E (day)'.5X'x/L',I2X,'pH',5X.'COND(mS/cm)')
W R1TE(2,2I00)




2200 F0RM AT(7X,'‘ *** ELECTRIC AND HYDRAULIC POTENTIALS
• TIM E (day)’,5X'xÆ ,',5X'E(VOLT)’,5X'U(kPa)')
WRITE(13,2300)
2300 FORMAT(7X,’**** NITRATE DISTRIBUTION ••« V /.S X T IM E  (day)',
•  3X 'x% ,',5X 'N03-(M )')
W RITE(I5,2400)
2400 F0RM AT(7X,'*” * ENERGY CONSUMPTION « « '/ / .S X T IM E  (day)’,5 X
•  ■E-CONS(kWh/m3)',2X'POWER(W/m3)'.2X'APP COND") 
WRITE(12,2500)
2500 F0RM AT(7X'**** HYDRAULIC FLUX • « • 'A 5 X T IM E  (day)',5x,
•  'ELEMENT,5x,'FLOW  RATE fmUday/cm2)')
W RITE(I4,2600)
2600 FORMAT(7X'**** HYDRAULIC IN AND OUT FLOW •*»* 'A 5X
• TIM E (day)',5x,'AN0DE FLOW  (L)',5x,'CATH0DE FLOW (L)")
c
C INPUT DATA FILE NAME IS SPECIFIED AS "ek2.dat"
FNAME=’ek2.daf
OPEN (5.FILE=FNAME,STATUS=’OLD’)
READ (5.*) NUMNP,NUMEL,NCONT,NUMMAT,DT,NCYCLE,NPUT 
35 CONTINUE
W RITE(6,1090)
1090 F0R M AT(//5X '* OUTPUT DATA OF FILE : EKREM.OUT 'J7X,33Ç*y)
W RITE(6,1I00) NUMNP,NUMEL,NCONT,NUMMAT,DT,NCYCLE,NPUT 
1100 F0RM AT(//,5X ' * NUMBER OF NODAL PO IN T S =’.15,
1 /.5 X ’ * NUMBER O F ELEM EN TS ='.15.
2 / ,5 X '*  NUMBER OF SPEC IES ='.15,
2 /,5 X ’ * n u m b e r  O F M ATERIALS =',15.
3 / , 5 X "  TIME IN CREM EN T...................=',F9.3,
4 /,5 X ' * NUMBER OF CYCLES OF ITERATION ..=',110,
5 / ,5 X ’ •  NO. OF PRINTED OUTPUT CYCLES ...=',IIO)
C CALL SUBROUTINE INPUT TO READ DATA FROM EKREM.DAT
CALL INPUT
C EVALUATE AND/OR SET A PPROX INITIAL PARAMETERS AT TIM E=0
DO I=1,NUMEL 





























C EVALUATE INITIAL CONCENTRATION OF TH E LAST CHEMICAL SPECIES (NCONT)
C BY EQUATION O F CONSERVATION OF ELECTRICAL NEUTRALITY








C ZERO TOTAL FLUID FLUX AND ENERGY CONSUMPTION




ENERGY=0.0   .
C  START MARCHING IN TIM E
DT1=DT
D O 602K T =l,N C Y C L E
C
C TH E TIME STEP USED SPECIFIED IN THE INPUT FILE FOR TH E SPECIFIC CASE DESCRIBED
C IN THE DISSERTATION BECOMES UNSTABLE WHEN KT REACHES 195. NEW TIM E STEP IS
C SPECIFIED CONSEQUENTLY. THIS CHANGE IS ONLY FOR TH E CASE PRESENTED IN THE
C DISSERTATION. IT  SHOULD BE MODEFIED FOR OTHER CASES DEPENDING ON THE
C PARAMETERS AND STABILITY REQUIREMENTS FOR IN EACH CASE.
IF(KT.GT.193)DT=0.1
C
C SAVE CONCENTRATIONS AND POTENTIALS FOR EVERY TIM E STEP






C NTRIAL= COUNTER FOR ITERATIONS O F THE DIFFERENTIAL EQUATIONS
220 NTRIAL=NTRIAL+1
W RITE(6*) "NTRIAL=",NTRIAL 










      .
C START SOLVING THE DIFFERENTIAL EQUATIONS FOR SPECIES TRANSPORT
C NCONT-I EQUATIONS ARE SOLVED BY FEM, AND TH E LAST SPECIES
C IS EVALUATED THROUGH CHARGE CONSERVATION EQUATION.
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c...............................................  ..... .... ...........
c  DO CHEMICAL REACTIONS FOR W ATER ELECTROLYSIS, LEAD SORPTION,
C AND LEAD HYDROXIDE PRECIPITATION















IF(M N N .G T .10)G O T O 36 
IF(ABS(TRCHEM1-PO(2,1K)).GT.1.0E-12) GO TO  33 
36 CALLPHCHEM2(IK)
lF(M N .G T .10)G O T O 32
IF(ABS(TRCHEM 1-PO(2,IK)).GT.1.0E-12) GO T O  31
32 PREC(IK)=PBTOTl(IK)-PO(2,IK)-ADPB(IK)
END DO  .
DO I=1,NUMNP 
PO(NCONT,I)=0.











C CALL SUBROUTINE PROP TO EVALUATE THE PARAMETERS REQUIRED
C FOR SOLVING CHARGE TRANSPORT PDE
CALLPROPc....................................................................
KK=NCONT+l








END DOe t» » * .» * .* .» .......................................................
C SOLVE PDE FOR CHARGE TRANSPORT EQUATION TO  EVALUATE THE ELECTRIC





IF(NDD.GE. 10000) GO TO 710 
CALL GENER (KK,KT)
CALL SOLVES (KK,KT)
C CALL SUBROUTINE EPRO TO EVALUATE NEW  PARAMETERS FOR SPECIES TRANSPORT
C EQUATIONS DUE TO  TH E NEW ELECTRIC POTENTIAL DISTRIBUTION
CALL EPRO
C CHECK IF THERE ARE NO  CHANGES IN TH E ELECTRIC POTENTIAL
C DISTRIBUTION AT THIS TIME STEP
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c  CO TO 220 TO RUN ANOTHER TRIAL IF THE SOLUTION DIFFERES
C BY A TOLERANCE OF 0.5 V





IF (JCHECK.EQ.1) GO TO 220 
219 CONTINUE      .

















END DOC ,,..,,.,.,,,..,.,,» .# ,,..,,.,,...,...,,,,,,
C SOLVE CONSOLIDATION EQUATION TO EVALUATE THE NEW





1F(NDD.GE. 10000) GO TO 710 
CALL GENER (KK,KT)
CALL SOLVES (KK,KT)
633 CONTINUEC«.... .. . . ....  ..........................
C CALCULATE TOTAL HYDRAULIC FLUX AT EVERY ELEMENT


























lF(IDNINT(ACC).NE.((KT)/5.0)) GO TO 602 
1001 DO 707 I=1,NUMNP,5




























700 CALL MESSAGE C DATA ENTRY ERROR...PLEASE REENTER ■)
70S CALL MESSAGE C ERROR..INPUT & OUTPUT FILES HAVE SAME NAME ')





IMPLICIT REAL’ S (A-H.O-Z)
COMMON/BLOCK I/NUMNP,NUMEL,NUMMAT.NEQ( 10),IPLNAX,MBAND( 10),




•  FLUXY(IO,I00.8),IMAT(IOO) 
COMMON/BLOCK3/ID(I0,800),R(800),Z(800),PO(I0,800) 
COMMON/BLOCK4/XK(IO,IOO),YK(IO,IOO),






2000 F0RMAT(//,5X,'* NODAL POINT DATA AS INPUT *’,
1 /.7X.26C*'))
2010 FORMAT(//2X,'NODE',3X.'B.C.CODES'.I IX,' NODAL POINT COORD.',
1 /,IX,'NUMBER',27X,'X',9X,Y',SX,'KN',/)
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Z(NN)=Z(NN-KN)+DELTZ 





C CHECK FOR LAST NODAL POINT.
C
290 IF (NI.LT.NUMNP) GO TO 230
C






















2200 F0RMAT(//,5X,' • COMPLETE NODAL POINT DATA •
I /,8X.25C"))
2210 FORMAT(//2X,'NODE',3X,'B.C.CODES',I IX.'NODAL POINT COORD.',
I /,IX,'NUMBER’,27X,'X’,9X,'Y’,7X,'INITIAL CONDITION")
c





IF(ID(KK.N).NE.O)GO TO 360 
NEQ(KK)=NEQ(KK)+I 
ID(KK.N)=NEQ(KK)
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DO IJL=1,NUMEL
READ (5,*) INEL,(INP(INEUI).I=1,8),1MAT(INEL),KN,KJUMP,IC0 























COMMON/BLOCK7/GRADX( 10.100.8).GRAD Y( 10.100.8).
• GRADX2(I0.100.8).GRADY2(I0.100.8).POELE(10.100.8)
DIMENSION SSS(3).TTT(3).VBO(3).VW(3).VL(64).AK(64)





C MSS=MASS STORAGE SIZE IN MATRIX FORM







DO 540 INEL=I.NUMEL 
380 CONTINUE
c
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1F(ID(KJK,JR).EQ.O)GO TO  470 
KK=IABS(ID(KJK.IR)-ID(KJK,JR))




C IF AXISYMM.PROBLEM, GET STIFF.MATRIX FOR EVERY ELEMENT.
C
IF (IPLNAX.EQ.1) IJUMP=0 
1F(IJUMP.EQ.I) GO TO 520
C



































DO 500 LR=1,NTS 
S=SSS(LR)
DO 500 LZ=I,NTS 
T=SSS(LZ)
C




C E MATRIX IS THE TIME DERIVATIVE DEL C • CDOT
C SO IT IS NOT MULTIPLIED BY TIME
LL=1 
DO 1=1,8















C SKF MATRIX IS DEL C,XX *C,xx









C VL MATRIX IS TH E DEL C  C.x
c m s  ALSO MULTIPLIED BY TIME
KKK=1 
DO 1=1,8












C SKF IS THE LEFT HAND SIDE M A T R K  WHILE
C E IS THE RIGHT HAND SIDE MATRIX SINCE IT
C CONTAINS T + D E L T A T  AND T  ELEMENTS
C
D O IK =I,7 ,2
IF(IDBC(KJK,INEL,IK).NE.I) GO TO 5103 
D O L R =I,3  
IF(IK .EQ .I)TH EN  
S=SSS(LR)
T=-I.O
ELSE IF (IK.EQ.3) THEN 
S=1.0
T=SSS(LR)


















































































































































































PZTS=HTS( 1 )*ZZ( 1 )+HTS(2)*ZZ(2)+HTS(3)*ZZ(3)+HTS(4)*ZZ(4)+
HTS(5)*ZZ(5)+HTS(6)*ZZ(6)+HTS(7)*ZZ(7)+HTS(8)*ZZ(8)



















































HZ! (1)=PSZ*PSZ*HSS(1)+PSZ*PS A21 *HS(l)+2.* 
(PSZ*PTZ*HTS(1))+PSZ*PSA22*HT(I)+PTZ*PTA21 *HS(1)+ 
PTZ*PTZ*HTT(1)+PTZ*PTA22*HT(1)
HRZ{1)=PSR*PSZ»HSS(I)+PSR*PS A21 •HS(1)+PSR*PTZ*HTS(1)+ 


















COMMON/BLOCia/lD( 10,800),R(800),Z(800).PO( 10,800) 
























DO 490 M=l,8 
J=ID(KK,NP(NM,M))
IF (J) 490,490,430 
430 LC=LOC(L,M,8)
IF(NEQ(KK).EQ.(MBAND(KK)+I))LO=LOC(l,J,NEQ(KK)) 












C THIS SECTION MULTIPLIES THE BOUNDARY CONDITION
C WITH THE SKF MATRIX AND STORES IT UNDER A1 AND
C ALSO MULTIPLIES THE INITIAL CONDITION WITH THE
C E MATRIX AND ADDS TO THE BOTTOM OF Al, THEN IT
C TRANSFERS THESE NUMBERS TO THE BOTTOM OF A2 ALSO
C THIS ALLOWS THIS KNOWN MATRIX BE NOT LOST WHEN
C CHOLES TAKES THE AI MATRIX INVERTS IT AND PLACES







DO 610 3=1,8 
KD=1D(KK,NP(NM,J))
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DO 602 1=1,8 
KID=ID(KK,NP(NM,I)) 
lEQ 1 =NHEP(KK)-NEQ(KK)+K ID 
A2(KK,IEQ 1 )=A2(KK,IEQ 1 )+QQ(KK,NM,I) 





























5050 F0RMAT(//5X'* CONCENTRATION OF CONT. #'.15.'
• AT TIME ....',FI0.3;5X23('*').






GO TO 699 
605 CONTINUE

























IF (ID(KK,I).NE.O)PO(KK,I)=A1 (KK,IMAT+ID(kk.I)) 
680 CONTINUE














COMMON/BLOCK5/A1 (10.10000). A2( 10.10000)
LOC(IK.JK.IZ)=lK»IZ-(IZ-JK)
lUCGI(I)=((I-NEQ(KK)+MBAND(KK))'(l-NEQ(KK)+MBAND(KK>l))/2 




































COMMON/BLOCK5/AI( 10.10000). A2(l 0.10000)














1F(JB.LE.NMJB) GO TO 30
JT=NMJB+1
NT=N
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30 DO J=2,JB
A I(iaK j)= A l(K JK o)/A l(K JK ,l)
END DO 







































































































IF(A1(KJK,IP).NE.0.1 g o  TO 223 
WRITE(6,2) I














1F(I.GE.(N-JT+1» GO TO 241 
JS=NT+1
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IMPLICIT REAL *8 (A-H.O-Z)
COMMON/BLOCKI/NUMNP,NUMELNUMMAT,NEQ(IO),IPLNAX,MBAND(IO),














C CALCULATE THE ELECTRICAL CONDUCTIVITY OF EACH ELEMENT



































•  GRADX2(I0.I00.8).GRADY2(I0.I00,8).POELE(I0,I00.8) 
MD=NCONT+I
ME=NC0NT+2 
DO 240 J=I,NUMEL 

































0 0  JF=1,NC0NT 
Xl(JF,lI)=PO(JF.II)
END DO . . . . . . . .
C ION #1 IS H
C ION #3 IS OH-C«.«« ,«»«««.«« . « »
BDA=XI(I.II)*XI(3.II)








IF (AA1*AA2) 20.30.40 
20 XR=XM
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c  ION #3 IS o u

















IF (AA1*AA2) 20,30,40 
20 XR=XM































REAL*8 Xl(10,800),Xl 1(10,800),KW,KSP,KD 
C ION #1 IS H+
C ION n  IS Pb++
C ION #3 IS OH-
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ADPB(II)=AKD*X1(2,II)
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IN P U T  & OUTPUT FILES LISTING
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F i l e n a m e :  E K 2 . D A T
L I N E #
203 40 4 1 0.2 500 500 1  L i n e  1 :  ( i n  t h e  s a m e  o r d e r )
1 0.000 0.000 0 2  2 0 3 :  N o .  o f  N o d e s
0 0 0 0 0 1 3 4 0 :  N o .  o f  e l e m e n t s
2 0.000 0.0125 0 . 4 :  N o .  o f  s p e c i e s
0 0 0 0 0 1 . 1 :  N o .  o f  m a t e r i a l s
3 0.000 0.025 0 . 0 . 2 :  T i m e  i n c r e m e n t
0 0 0 0 0 1 5 0 0 :  N o .  o f  c y c l e s
4 0.0125 0.000 0 5 0 0 :  N o .  o f  c y c l e s  p r i n t e d
0 0 0 0 0 0
5 0.0125 0.025 0 L i n e  # 2 . 4 . 6 .  3 6
0 0 0 0 0 0 C o l u m n  # 1 :  N o d e  N u m b e r  i n  o r d e r
6  0.025 0.000 0 C o l u m n  # 2 :  C o o r d i n a t e s  o n  x - a x i s
0 0 0 0 0 0 C o l u m n  # 3 :  C o o r d i n a t e s  o n  y - a x i s
196 0.975 0.000 5 C o l u m n  # 4 :  N o d e  g e n e r a t i o n  c o d e
0  0  0  0  0  0  ( 0 )  n o  g e n e r a t i o n  i s  n e e d e d
1  0.025 0.0125 0 ( J )  g e n e r a t e  b y  s k i p p i n g  J  n o d e s
0 0 0 0 0 0
197 0.975 0.0125 5
0 0 0 0 0 0 L i n e  # 3 . 5 . 7 . ......3 7
8  0.025 0.0250 0 B o u n d a r y  C o n d i t i o n  c o d e s
0 0 0 0 0 0 ( 1 )  E C  i s  p r e s c r i b e d
198 0.975 0.025 5 ( 0 )  n o  E C  ( f r e e )
0 0 0 0 0 0 C o l u m n # !  f o r  H +
9 0.0375 0.000 0 C o l u m n  # 2  f o r  P b 2 +
0 0 0 0 0 0 C o l u m n  # 3  f o r  O H -
1 9 9  0.9875 0.000 5 C o l u m n  # 4  f o r  N 0 3 -
0 0 0 0 0 0 C o l u m n  # 5  f o r  E  ( E l e c t r i c  P o t e n t i a l )
10 0.0375 0.0250 0 C o l u m n  # 6  f o r  h  ( H y d r a u l i c  H e a d )
0 0 0 0 0 0
200 0.9875 0.025 5
0 0 0 0 0 0
201 1.0 0.000 0 L i n e  #  3 8 - 4 4
0 0 0 0 1 1 I n i t i a l  C o n d i t i o n s
202 1.00 0.0125 0 C o l u m n # !  f o r  H +
0 0  0 0 1 1 3 5  C o l u m n  # 2  f o r  P b 2 +
203 1.00 0.025 0 3 6  C o l u m n  # 3  f o r  O H -
0 0 0 0 1 1 3 7  L i n e  ( c o n t . )  C o l u m n  # 4  f o r  N 0 3 -
l.OE-4 82.5E-3 l.OE-10 165.0E-3 1.0 0.0 3 8  C o l u m n  # 5 f o r  E
l.OE-4 82.5E-3 l.OE-10 165.0E-3 1.0 0.0 3 9  C o l u m n  # 6 f o r k
l.OE-4 82.5e-3 l.OE-10 165.0E-3 1.0 0.0 4 0  L i n e #  3 8 - 4 0 a r e I C ' s f o r n o d e s a t x = 0
l.OE-4 82.5E-3 l.OE-10 165.0E-3 0.0 0.0 4 1  L i n e #  4 1  a r e  I C ' s  f o r  n o d e s  a t  0  < x  <  L
l.OE-4 82.5E-3 l.OE-10 165.0E-3 0.0 0.0 4 2  L i n e #  4 2 - 4 4  a r e  I C ' s  f o r  n o d e s  a t  x = L
l.OE-4 82.5E-3 l.OE-10 165.0E-3 0.0 0.0 4 3  ( L  i s  t h e  s a m p l e  l e n g t h )
l.OE-4 82.5E-3 l.OE-10 165.0E-3 0.0 0.0 4 4
8.05 0.817 4.57 1.64 4 5
1.0 2.0 -1.0 -1.0 4 6
02.6 0.56 0.56 0.56 0.0 O.lOE-5 4 8  L i n e  ( c o n t . )  L i n e  4 5 . . . . .
5.87E-3 8.64E-1 0.0 1.0 70.0 0.25 1.33E-02 4 9  s e e  n e x t  p a g e .
1 1 4 6 7 8  5 3 2 5 0
1 0  0 1 5 1
0 0.  0.  5 2
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L i n e  ( c o n t . )
0 0. 0. 5 2  L i n e  # 4 5
0 0. 0. 5 3  M o l e c u l a r  D i f f u s i o n  C o e f f s .
1 -l.lle -3  0.0 . C o l u m n # ]  :  f o r  H +
0 0. 0. C o l u m n  # 2  :  f o r  P b ^ ' ^
0 0. 0. C o l u m n  # 3  :  f o r  O H -
0 0. 0. C o l u m n  # 4  :  f o r  N O " ^
1 0 . 0 . ( f o r  u n i t s  s e e  t h e  m a n u s c r i p t )
0 0. 0 .
0 0. 0. L i n e  # 4 6 :  S p e c i e s  C h a r g e
0 0. 0. C o l u m n  1 - 4  a r e  s i m i l a r  t o  t h o s e  i n  L i n e  4 5
1-2.5E-15 0.0
0 0. 0. L i n e  # 4 7 :
0 0. 0. C o l u m n # ] :  P o r o s i t y  t i m e s  R e t a r d a t i o n  f a c t o r  f o r  H +
0 0. 0. C o l u m n # 2 - 4 :  P o r o s i t y
1 0. 0. C o l u m n  # 5  :  S o i l  E l e c t r i c  C a p a c i t a n c e
0 0. 0. C o l u m n  # 6  :  C o e f f .  o f  V o l u m e  C o m p r .
0 0. 0 .
0 0. 0. . L i n e #  4 8 . 7 5 . 7 7 . 7 9 . ..... 1 4 5 . 1 4 7
1 -1.65E4 0.0 . ( s e e  p a g e  4 )
0 0. 0 .





0  0 . 0 . 7 2
0  0 . 0 . 7 3
0  0 . 0 . 7 4
2 6 9 1 1 1 2 13 1 0 8 7
1 0 0  0
3 1 1 14 16 17 18 15 13 1 2
1 0 0  0
4 16 19 2 1 2 2 23 2 0 18 17
1 0 0  0
5 2 1 24 26 27 28 25 23 2 2
1 0 0  0
6 26 29 31 32 33 30 28 27
1 0 0  0
7 31 34 36 37 38 35 33 32
1 0 0  0
8 36 39 41 42 43 40 38 37
1 0 0  0
9 41 44 46 47 48 45 43 42
1 0 0  0
1 0 46 49 51 52 53 50 48 47
1 0 0  0
1 1 51 54 56 57 58 55 53 52
1 0 0  0
1 2 56 59 61 62 63 60 58 57
1 0 0  0
13 61 64 6 6 67 6 8 65 63 62
1 0 0  0
14 6 6 69 71 72 73 70 6 8 67
1 0 0  0
15 71 74 76 77 78 75 73 72
1 0 0  0
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1 0 0 0
17 81 84 8 6 87 8 8 85 83 82
1 0 0 0
18 8 6 89 91 92 93 90 8 8 87
1 0 0 0
19 91 94 96 97 98 95 93 92
1 0 0 0
2 0 96 99 1 0 1 1 0 2 103 1 0 0 98 97
1 0 0 0
2 1 1 0 1 104 106 107 108 105 103 1 0 2
1 0 0 0
2 2 106 109 1 1 1 1 1 2 113 1 1 0 108 107
1 0 0 0
23 1 1 1 114 116 117 118 115 113 1 1 2
1 0 0 0
24 116 119 1 2 1 1 2 2 123 1 2 0 118 117
1 0 0 0
25 1 2 1 124 126 127 128 125 123 1 2 2
1 0 0 0
26 126 129 131 132 133 130 128 127
1 0 0 0
27 131 134 136 137 138 135 133 132
1 0 0 0
28 136 139 141 142 143 140 138 137
1 0 0 0
29 141 144 146 147 148 145 143 142
1 0 0 0
30 146 149 151 152 153 150 148 147
1 0 0 0
31 151 154 156 157 158 155 153 152
1 0 0 0
32 156 159 161 162 163 160 158 157
1 0 0 0
33 161 164 166 167 168 165 163 162
1 0 0 0
34 166 169 171 172 173 170 168 167
1 0 0 0
35 171 174 176 177 178 175 173 172
1 0 0 0
36 176 179 181 182 183 180 178 177
1 0 0 0
37 181 184 186 187 188 185 183 182
1 0 0 0
38 186 189 191 192 193 190 188 187
1 0 0 0
39 191 194 196 197 198 195 193 192
1 0 0 0
40 196 199 2 0 1 2 0 2 203 2 0 0 198 197
1 0 0 1
0  0 . 0 .
1 2.5E- 15 0 . 0
0  0 . 0
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0 0 . 0 .
0 0 . 0 .
1 0 . 0 .
0 0 . 0 .
0 0 . 0 .
0 0 . 0 .
1 -6 .,62e-4 0.0
0 0 . 0 .
0 0 . 0 .
0 0 . 0 .
1 0 . 0 .
0 0 . 0 .
0 0 . 0 .
0 0 . 0 .
0 0 . 0 .
0 0 . 0 .
0 0 . . 0
0 0 . 0 .
0 0 . 0 .
0 0 . 0 .
0 0 . 0 .
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L i n e  ( c o n t . )
1 5 1  L i n e  # 4 8 . 7 5 . 7 7 . 7 9 . .....1 4 5 . 1 4 7
1 5 2  C o l u m n ^  1 : E l e m e n t  N o .
C o l u m n # 2 - 9  C o n n e c t i v i t y  o f  t h e  
e l e m e n t  ( c o u n t e r - c l o c k  w i s e )
(see Figure 7.5)
L i n e #  4 9 . 7 6 . 7 8 . 8 0 . ..... 1 4 6 . 1 4 8
C o l u m n #  1  :  M a t e r i a l  N o .
C o l u m n # 2 - 3  G e n e r a t i o n  c o d e  a n d  f a c t o r  
C o l u m n # 4  :  F l u x  B C  c o d e
( 0 )  n o  f l u x  B C  i s  d e f i n e d
( 1 )  f l u x  B C  i s  d e f i n e d  i n
L i n e # 5 2 - 7 4 & 1 4 9 - 1 7 1  ( o n l y  i f  F l u x  C o d e = l )  
F l u x  v a l u e s  a t  t h e  e l e m e n t  b o u n d a r i e s  
2 4  l i n e s  f o r  e a c h  e l e m e n t  
l i n e s  1 - 4  f o r  H ,  5 - 8  f o r  P B ,  9 - 1 2  f o r  O H  
1 3 - 1 6  f o r  N O ÿ ,  1 7 - 2 0  f o r  E ,  2 1 - 2 4  f o r  h  
F o r  e a c h  v a r i a b l e :
1 7 2  L i n e  1 :  f o r  b o u n d a r y  1 - 6
1 7 1  L i n e  2 :  f o r  b o u n d a r y  6 - 8
L i n e  3 :  f o r  b o u n d a r y  8 - 3  
L i n e  4 :  f o r  b o u n d a r r  3 - 1  
F o r  e a c h  L i n e  
C o l u m n  1 :
C o d e : ( 0 )  N o  F l u x ,  ( 1 )  F l u x  i s  d e f i n e d  
C o l u m n  2 :
F l u x  c o m p o n e n t  i n  x  d i r e c t i o n  
C o l u m n  3 :
F l u x  c o m p o n e n t  i n  y  d i r e c t i o n
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F i l e  n a m e ;  P b 2 . 0 U l ^
**** Pb DISTRIBUTION ****
TIME (day) x / L P b - t o t ( m g / k g ) P b - d i s s . (M) P b -a d s (m g /k g ) Pb(OH)2 (rag/kg)
1 . 0 0 .0 0 0 4 8 6 1 .8 6 .6 4 4 2 E -0 1 7 0 9 .0 8 .0 0
1 . 0 0 .0 2 5 5 2 3 5 .2 9 .7 0 2 1 E -0 1 7 0 9 .0 8 .0 0
1 . 0 0 .0 5 0 5 3 0 6 .5 4 .7 1 3 2 E -0 1 7 0 9 .0 8 .0 0
1 . 0 0 .0 7 5 5 3 1 6 .7 6 .7 1 4 8 E -0 1 7 0 9 .0 8 .0 0
1 . 0 0 .1 0 0 5 3 1 7 .9 9 .7 1 5 0 E -0 1 7 0 9 .0 8 .0 0
1 . 0 0 .1 2 5 5 3 1 8 .1 2 .7 1 5 0 E -0 1 7 0 9 .0 8 .0 0
1 . 0 0 .1 5 0 5 3 1 8 .1 3 .7 1 5 0 E -0 1 7 0 9 .0 8 .0 0
1 . 0 0 .1 7 5 5 3 1 8 .1 3 .7 1 5 0 E -0 1 7 0 9 .0 8 .0 0
1 . 0 0 .2 0 0 5 3 1 8 .1 3 .7 1 5 0 E -0 1 7 0 9 .0 8 .0 0
1 . 0 0 .2 2 5 5 3 1 8 .1 3 .7 1 5 0 E -0 1 7 0 9 .0 8 . 0 0
1 . 0 0 .2 5 0 5 3 1 8 .1 3 .7 1 5 0 E -0 1 7 0 9 .0 8 . 0 0
1 . 0 0 .2 7 5 5 3 1 8 .1 3 .7 1 5 0 E -0 1 7 0 9 .0 8 .0 0
1 . 0 0 .3 0 0 5 3 1 8 .1 3 .7 1 5 0 E -0 1 7 0 9 .0 8 .0 0
1 . 0 0 .3 2 5 5 3 1 8 .1 3 .7 1 5 0 E -0 1 7 0 9 .0 8 .0 0
1 . 0 0 .3 5 0 5 3 1 8 .1 3 .7 1 5 0 E -0 1 7 0 9 .0 8 .0 0
1 . 0 0 .3 7 5 5 3 1 8 .1 3 .7 1 5 0 E -0 1 7 0 9 .0 8 . 0 0
1 . 0 0 .4 0 0 5 3 1 8 .1 3 .7 1 5 0 E -0 1 7 0 9 .0 8 . 0 0
1 . 0 0 .4 2 5 5 3 1 8 .1 3 .7 1 5 0 E -0 1 7 0 9 .0 8 .0 0
1 . 0 0 .4 5 0 5 3 1 8 .1 3 .7 1 5 0 E -0 1 7 0 9 .0 8 .0 0
1 . 0 0 .4 7 5 5 3 1 8 .1 3 .7 1 5 0 E -0 1 7 0 9 .0 8 .0 0
1 . 0 0 .5 0 0 5 3 1 8 .1 3 .7 1 5 0 E -0 1 7 0 9 .0 8 .0 0
1 . 0 0 .5 2 5 5 3 1 8 .1 3 .7 1 5 0 E -0 1 7 0 9 .0 8 .0 0
1 . 0 0 .5 5 0 5 3 1 8 .1 3 .7 1 5 0 E -0 1 7 0 9 .0 8 .0 0
1 . 0 0 .5 7 5 5 3 1 8 .1 3 .7 1 5 0 E -0 1 7 0 9 .0 8 .0 0
1 . 0 0 .6 0 0 5 3 1 8 .1 3 .7 1 5 0 E -0 1 7 0 9 .0 8 .0 0
1 . 0 0 .6 2 5 5 3 1 8 .1 3 .7 1 5 0 E -0 1 7 0 9 .0 8 .0 0
1 . 0 0 .6 5 0 5 3 1 8 .1 3 .7 1 5 0 E -0 1 7 0 9 .0 8 .0 0
1 . 0 0 .6 7 5 5 3 1 8 .1 3 .7 1 5 0 E -0 1 7 0 9 .0 8 .0 0
1 . 0 0 .7 0 0 5 3 1 8 .1 3 .7 1 5 0 E -0 1 7 0 9 .0 8 .0 0
1 . 0 0 .7 2 5 5 3 1 8 .1 3 .7 1 5 0 E -0 1 7 0 9 .0 8 .0 0
1 . 0 0 .7 5 0 5 3 1 8 .1 3 .7 1 5 0 E -0 1 7 0 9 .0 8 .0 0
1 . 0 0 .7 7 5 5 3 1 8 .1 3 .7 1 5 0 E -0 1 7 0 9 .0 8 .0 0
1 . 0 0 .6 0 0 5 3 1 8 .1 3 .7 1 5 0 E -0 1 7 0 9 .0 8 .0 0
1 . 0 0 .8 2 5 5 3 1 8 .1 2 .7 1 5 0 E -0 1 7 0 9 .0 8 .0 0
1 . 0 0 .8 5 0 5 3 1 8 .0 7 .7 1 5 0 E -0 1 7 0 9 .0 8 .0 0
1 . 0 0 .8 7 5 5 3 1 7 .9 3 .7 1 5 0 E -0 1 7 0 9 .0 8 .0 0
1 . 0 0 .9 0 0 5 3 1 7 .4 4 .7 1 4 9 E -0 1 7 0 9 .0 8 .0 0
1 . 0 0 .9 2 5 5 3 1 5 .8 3 .7 1 4 6 E -0 1 7 0 9 .0 8 .0 0
1 . 0 0 .9 5 0 5 3 1 1 .1 0 .7 1 3 6 E -0 1 7 0 9 .0 8 1 . 9 8
1 . 0 0 .9 7 5 5 3 0 2 .5 0 .7 0 9 3 E -0 1 7 0 9 .0 8 2 4 .3 2
1 . 0 0  1 .0 0 0 5 2 8 7 .3 2 .6 9 4 2 E -0 1 7 0 9 .0 8 1 2 0 .1 8
2 . 0 0 .0 0 0 4 5 2 8 .3 5 .5 9 2 5 E -0 1 7 0 9 .0 8 .0 0
2 . 0 0 .0 2 5 5 0 6 8 .3 2 .6 7 6 2 E -0 1 7 0 9 .0 8 .0 0
2 . 0 0 .0 5 0 5 2 3 2 .4 8 .7 0 1 7 E -0 1 7 0 9 .0 8 .0 0
2 . 0 0 .0 7 5 5 2 9 2 .5 5 .7 1 1 0 E -0 1 7 0 9 .0 8 .0 0
2 . 0 0 .1 0 0 5 3 1 1 .8 9 .7 1 4 0 E -0 1 7 0 9 .0 8 .0 0
2 . 0 0 .1 2 5 5 3 1 6 .8 6 .7 1 4 8 E -0 1 7 0 9 .0 8 .0 0
2 . 0 0 .1 5 0 5 3 1 7 .9 1 .7 1 5 0 E -0 1 7 0 9 .0 8 .0 0
2 . 0 0 .1 7 5 5 3 1 8 .1 0 .7 1 5 0 E -0 1 7 0 9 .0 8 .0 0
2 . 0 0 .2 0 0 5 3 1 8 .1 3 .7 1 5 0 E -0 1 7 0 9 .0 8 .0 0
2 . 0 0 . 2 2 5 5 3 1 8 .1 4 .7 1 5 0 E -0 1 7 0 9 .0 8 .0 0
2 . 0 0 .2 5 0 5 3 1 8 .1 4 .7 1 5 0 E -0 1 7 0 9 .0 8 .0 0
2 . 0 0 .2 7 5 5 3 1 8 .1 4 .7 1 5 0 E -0 1 7 0 9 .0 8 .0 0
2 . 0 0 .3 0 0 5 3 1 8 .1 4 .7 1 5 0 E -0 1 7 0 9 .0 8 .0 0
2 . 0 0 .3 2 5 5 3 1 8 .1 4 .7 1 5 0 E -0 1 7 0 9 .0 8 .0 0
2 . 0 0 .3 5 0 5 3 1 8 .1 4 .7 1 5 0 E -0 1 7 0 9 .0 8 .0 0
2 . 0 0 .3 7 5 5 3 1 8 .1 4 .7 1 5 0 E -0 1 7 0 9 .0 8 .0 0
2 . 0 0 .4 0 0 5 3 1 8 .1 4 .7 1 5 0 E -0 1 7 0 9 .0 8 .0 0
2 . 0 0 .4 2 5 5 3 1 8 .1 4 .7 1 5 0 E -0 1 7 0 9 .0 8 .0 0
2 . 0 0 .4 5 0 5 3 1 8 .1 4 .7 1 5 0 E -0 1 7 0 9 .0 8 .0 0
2 . 0 0 .4 7 5 5 3 1 8 .1 4 .7 1 5 0 E -0 1 7 0 9 .0 8 .0 0
2 . 0 0 .5 0 0 5 3 1 8 .1 3 .7 1 5 0 E -0 1 7 0 9 .0 8 . 0 0
2 . 0 0 .5 2 5 5 3 1 8 .1 3 .7 1 5 0 E -0 1 7 0 9 .0 8 .0 0
2 . 0 0 .5 5 0 5 3 1 8 .1 3 .7 1 5 0 E -0 1 7 0 9 .0 8 .0 0
2 . 0 0 .5 7 5 5 3 1 8 .1 3 .7 1 5 0 E -0 1 7 0 9 .0 8 . 0 0
2 . 0 0 .6 0 0 5 3 1 8 .1 3 .7 1 5 0 E -0 1 7 0 9 .0 8 .0 0
* All data is not listed.
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F i l e  n a m e :  E H 2 .0 U T
ELECTRIC AND HYDRAULIC POTENTIALS ****
; (day) x / L E(VOLT) U(kPa)
1 . 0 0 .0 0 0 0 4 . 4 0 . 0 0
1 . 0 0 .0 2 5 0 4 .2 9 .0 6
1 . 0 0 .0 5 0 0 4 .1 8 .0 6
1 . 0 0 .0 7 5 0 4 .0 7 .0 6
1 . 0 0 .1 0 0 0 3 . 9 6 .0 6
1 . 0 0 .1 2 5 0 3 . 8 5 .0 5
1 . 0 0 .1 5 0 0 3 .7 4 .0 5
1 . 0 0 .1 7 5 0 3 . 6 3 .0 5
1 . 0 0 .2 0 0 0 3 . 5 2 .0 5
1 . 0 0 .2 2 5 0 3 .4 1 .04
1 . 0 0 .2 5 0 0 3 . 3 0 .04
1 . 0 0 .2 7 5 0 3 . 1 9 .04
1 . 0 0 .3 0 0 0 3 . 0 8 .04
1 . 0 0 .3 2 5 0 2 .9 7 .0 3
1 . 0 0 .3 5 0 0 2 . 8 6 .0 3
1 . 0 0 .3 7 5 0 2 . 7 5 .0 3
1 . 0 0 .4 0 0 0 2 .6 4 .0 3
1 . 0 0 .4 2 5 0 2 . 5 3 .0 2
1 . 0 0 .4 5 0 0 2 . 4 2 .0 2
1 . 0 0 .4 7 5 0 2 .3 1 .0 2
1 . 0 0 .5 0 0 0 2 . 2 0 .0 2
1 . 0 0 .5 2 5 0 2 . 0 9 .01
1 . 0 0 .5 5 0 0 1 . 9 8 .01
1 . 0 0 .5 7 5 0 1 .8 7 .01
1 . 0 0 .6 0 0 0 1 . 7 6 .0 1
1 . 0 0 .6 2 5 0 1 . 6 5 .0 0
1 . 0 0 .6 5 0 0 1 .5 4 .0 0
1 . 0 0 .6 7 5 0 1 . 4 3 .0 0
1 . 0 0 .7 0 0 0 1 . 3 2 .0 0
1 . 0 0 .7 2 5 0 1 .2 1 - . 0 1
1 . 0 0 .7 5 0 0 1 . 1 0 - . 0 1
1 . 0 0 .7 7 5 0 .9 9 - . 0 1
1 . 0 0 .8 0 0 0 .8 8 - . 0 1
1 . 0 0 .8 2 5 0 .7 7 - . 0 2
1 . 0 0 .8 5 0 0 .6 6 - . 0 2
1 . 0 0 .8 7 5 0 .5 5 - . 0 2
1 . 0 0 .9 0 0 0 .4 4 - . 0 2
1 . 0 0 .9 2 5 0 .3 3 - . 0 2
1 . 0 0 .9 5 0 0 .2 2 - . 0 2
1 . 0 0 .9 7 5 0 .1 1 - . 0 2
1 . 0 0 1 .0 0 0 0 .0 0 .0 0
2 . 0 0 .0 0 0 0 4 . 3 0 .0 0
2 . 0 0 .0 2 5 0 4 . 1 8 .1 0
2 . 0 0 .0 5 0 0 4 .0 7 .1 0
2 . 0 0 .0 7 5 0 3 . 9 6 .0 9
2 . 0 0 .1 0 0 0 3 . 8 6 .0 9
2 . 0 0 .1 2 5 0 3 . 7 5 .0 8
2 . 0 0 .1 5 0 0 3 .6 4 .0 8
2 . 0 0 .1 7 5 0 3 .5 4 .0 8
2 . 0 0 .2 0 0 0 3 . 4 3 .07
2 . 0 0 .2 2 5 0 3 . 3 2 .07
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F i l e  n a m e :  p H 2 .0 U T
* * * *  pH AND ELECTRIC CONDUCTIVITY DISTRIBUTION
(d ay ) x /L pH COND(mS/cml
1 . 0 0 .0 0 0 2 .9 6 .207E+02
1 . 0 0 .0 2 5 3 .3 6 .222E+02
1 . 0 0 .0 5 0 3 .7 7 .225E+02
1 . 0 0 .0 7 5 3 .9 6 .225E+02
1 . 0 0 .1 0 0 3 .9 9 .225E+02
1 . 0 0 .1 2 5 4 .0 0 .225E+02
1 . 0 0 .1 5 0 4 .0 0 .225E+02
1 . 0 0 .1 7 5 4 .0 0 .225E+02
1 . 0 0 .2 0 0 4 .0 0 .225E+02
1 . 0 0 .2 2 5 4 .0 0 .225E+02
1 . 0 0 .2 5 0 4 .0 0 .225E+02
1 . 0 0 .2 7 5 4 .0 0 .225E+02
1 . 0 0 .3 0 0 4 .0 0 .225E+02
1 . 0 0 .3 2 5 4 .0 0 .225E+02
1 . 0 0 .3 5 0 4 .0 0 .225E+02
1 . 0 0 .3 7 5 4 .0 0 .225E+02
1 . 0 0 .4 0 0 4 .0 0 .225E+02
1 . 0 0 .4 2 5 4 .0 0 .225E+02
1 . 0 0 .4 5 0 4 .0 0 .225E+02
1 . 0 0 .4 7 5 4 .0 0 .225E+02
1 . 0 0 .5 0 0 4 .0 0 .225E+02
1 .0 0 .5 2 5 4 .0 0 .225E+02
1 . 0 0 .5 5 0 4 .0 0 .225E+02
1 . 0 0 .5 7 5 4 .0 0 .225E+02
1 . 0 0 .6 0 0 4 .0 0 •225E+02
1 . 0 0 .6 2 5 4 .0 0 .225E+02
1 .0 0 .6 5 0 4 .0 0 .225E+02
1 . 0 0 .6 7 5 4 .0 0 .225E+02
1 . 0 0 .7 0 0 4 .0 0 .225E+02
1 . 0 0 .7 2 5 4 .0 0 .225E+02
1 . 0 0 .7 5 0 4 .0 0 .225E+02
1 .0 0 .7 7 5 4 .0 0 .225E+02
1 . 0 0 .8 0 0 4 .0 0 .225E+02
1 .0 0 .8 2 5 4 .0 0 .225E+02
1 .0 0 .8 5 0 4 .0 0 .225E+02
1 .0 0 .8 7 5 4 .0 1 .225E+02
1 .0 0 .9 0 0 4 .0 5 .225E+02
1 .0 0 . 925 4 .2 2 .225E+02
1 . 0 0 . 950 6 .7 9 .224E+02
1 .0 0 .9 7 5 6 .8 0 .223E+02
1 .0 0 1 .0 0 0 6 .8 0 .218E+02
2 . 0 0 .0 0 0 2 .6 8 .196E+02
2 . 0 0 .0 2 5 2 .8 7 .218E+02
2 . 0 0 .0 5 0 3 .1 9 .223E+02
2 . 0 0 .0 7 5 3 .5 5 .224E+02
2 .0 0 .1 0 0 3 .8 3 .225E+02
2 .0 0 .1 2 5 3 .9 6 .225E+02
2 .0 0 .1 5 0 3 .9 9 .225E+02
2 . 0 0 .1 7 5 4 .0 0 .225E+02
2 . 0 0 .2 0 0 4 .0 0 .225E+02
2 . 0 0 .2 2 5 4 .0 0 .225E+02
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Finite Element Code is verified through comparisons with various analytical so­
lutions for initial-boundary value problems. These comparisons are provided herein 
for certain practical problems with constant and/or flux type boundary conditions.
C .l A dvective Diffusive Species Transport
Partial differential equation describing one-dimensional nonreactive advective 
diffusive mass transport is given by,
Verification of the numerical finite element solution with the analytical solution of 
the above equation is done with both constant and flux types of boundary condi­
tions. Verification with the solution of the advective diffusive equation with constant 
boundary conditions is presented as an example. For this case, the boundary and 
initial conditions are given by, 
dc
\^x=0 — Co nax X=t/
(C.4)
=  0 c|t=o =  Ci (C.2)
The analytical solution is (Van Genuchten and Alven 1982),
c{x,t )  =  Ci +  {co -  Ci) A{x , t )  (0 .3)
A l { x , t )  =  2/?„sm ezp
^ 2 (*) =  f i  +  ( ^ )  +  ( | § )
where the eigenvalues /3„i are the positive roots of
COt(Prn) +  =  0 (C.5)
Figure C .l shows a comparison between results of the analytical solution and 
the finite element solution for the advective diffusive transport equation.
\  _
\ 2 D J  [ aD R J













—  - t<Oy(AnstyÜcil)
— 1-30 y (Azufytical)
— t-40y(Afli>ytica])










^L o= lOOmg/1 —  de = 0 - ^  c L  = Omg/l  x=L 1 cm
Figure C.l: Comparison of the Finite Element Solution and the Analytical Solution 
for the Diffusive Advective Transport Equation (Case C .l)
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C.2 A dvective Diffusive Transport w ith  Zero-Order Pro­
duction and First-O rder Decay
Governing Equation for transient advective, diffusive solute transport with zero- 
order production and first-order decay is given by,
C.2.1 Constant Boundary Conditions
For this case, the boundary conditions are described by,
=  0 c|(=o =  Ci (C.7)Cl.=o = ^do
X = L
The analytical solution is given by.
where.
A (x , t )  =  Ê  -  f  -  è î  “
B { x , t )  =  B l {x )  -  B2{x, t )  (C.IO)
^  s  ft f t w
° °  R 9 1
B2(x , t )  =  E  ^  (C.12)
K + (i)] -  (1  ^ - ^ ^
=  &  +  ( É Ï  +  ^  ( C " )
=  f t
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The eigenvalues /?„ are the positive roots of
/5ra cot{/3m) +  =  0 (C.16)
A comparison of the analytical solution and the finite element results for this case is 
shown in Figure C.2.
C.2.2 Flux Boundary Conditions
Flux boundary conditions are described by,
dc
( - D  I  + =  0 c|(=o =  0 (C.17)
x —L
The solution is the similar to the case of constant boundary conditions. The Differ­
ence between the two cases is the function E{l3m,x) and the eigenvalues In the 
case of flux boundary conditions, these are evaluated by
p /a  \ _  (2«T/D) /3m cosj^mxIL) +  (vLl2D) sinj^mxlL)
+  (ul/2D)2 + uI/D] [/% + (uZi/2D)2]
The eigenvalues the positive roots of
cot{l3m) -  ^  =  0 (C.19)
Figures C.3 demonstrates a comparisons between the analytical and finite element 
solutions of the advective diffusive transport with first order decay and zero order 
production rates with flux type of boundary conditions.
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Figure C.2; Finite Element and Analytical Solutions for Advective Diffusive Reactive 
Transport Equation with Constant Boundary Conditions (Case C.2.1)
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Figure C.3: Finite Element and Analytical Solutions for Advective Diffusive Reactive 
Transport Equation with Flux Boundary Conditions (Case C.2.2)
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Table D .l: Final Pb  Concentration and Mass Balance for Bench-Scale Tests
Data for Bench-Scale Tests (BST1 & BST2)
Final Concentration and Mass Balance Calculations
Initial Concentration = 1439 mg/kg
BST1 BST2
x/L C (mg/kg) C/Co C (mg/kg) C/Co
0.05 100.38 0.07 34.70 0.02
0.15 162.06 0.11 24.22 0.02
0.25 280.36 0.19 109.14 0.08
0.35 299.00 0.21 44.00 0.03
0.45 292.20 0.20 144.60 0.10
0.55 573.60 0.40 21.38 0.01
0.65 1033.00 0.72 30.96 0.02
0.75 147.58 0.10 68.84 0.05
0.85 430.80 0.30 60.42 0.04
0.95 11852.00 8.23 4556.00 3.16
Total Initial Pb= 1.4 gm — Total Soil Volume = 785 cm3
C (mg/kg) Vol (cm3) Mass (kg) Pb(g) % of initial Pb
BST1 sec (1-10) 1517.1 785.0 0.98 1.49 106.31
Sec 10 11852.0 78.5 0.10 1.16 82.96
Sec 1-9 23.34
Effluent 0.45 ppm Effl. Vol.=1100ml 0.5 mg 0.04
Electrode 0.03 2.36
BST2 Sec (1-10) 509.4 785.0 0.98 0.50 35.70
Sec 10 4556.0 78.5 0.10 0.46 32.54
Sec 1-9 3.15
Effluent 0.52 ppm Vol.=1100ml 0.57 mg 0.04
Electrode 0.62 44.29
Mass Balance (% of Initial Lead)
BST1 BST2
Sec. 10 82.38 32.54
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Table D.2: Voltage Distribution and Electrolyte pH Values for B ST l
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pH & Voltage Readings For BSTl
Time (hr) pH (A) PH(C)
0.0 7.70 7.56 pH (A) : Anolyte pH

















Voltage Distribution (Distance From Anode)
Time (hr) x=0 cm x=2cm x= 4cm x= 6 cm x= 8cm x= 10 cm
0 3.05 1.32 1.27 1.05 0.95 0.00
1 3.83 2.04 1.93 1.82 1.68 0.00
2 4.32 2.56 2.46 2.35 2.20 0.00
3 4.71 2.98 2.86 2.75 2.65 0.00
6 4.72 3.03 2.93 2.77 2.69 0.00
21 9.88 8.38 8.28 8.11 8.00 0.00
23 10.57 9.07 8.95 8.82 8.68 0.00
29 11.44 9.98 9.85 9.72 9.61 0.00
44 18.59 17.19 17.07 16.95 16.80 0.00
49 21.34 19.96 19.85 19.74 19.50 0.00
67 25.23 23.87 23.78 23.65 22.12 0.00
73 26.55 25.20 25.11 24.96 22.84 0.00
81 24.80 23.40 23.30 23.20 20.09 0.00
92 27.50 26.16 26.03 25.41 21.56 0.00
99 28.90 27.57 27.46 26.81 22.24 0.00
118 32.50 31.21 31.10 30.39 24.10 0.00
140 37.50 36.22 36.10 35.39 28.02 0.00
169 41.60 40.32 40.18 39.52 32.35 0.00
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Table D.3: Voltage Distribution and Electrolyte pH Values for BST2
pH & Voltaga Readings For BST2
Time(h) pH (A) PH(C)
0.0 7.82 7.86
1.0 7.33 7.56 pH (A) : Anolyte pH


























Voltage Distribution (Distance From Anode)
Time (hr) x=Ocm x=2cm x= 4cm x=6cm x=8cm x=10cm
0.0 3.80 1.92 1.87 1.55 1.40 0.00
1.0 4.56 2.67 2.61 2.32 2.18 0.00
2.4 4.63 2.82 2.73 2.45 2.33 0.00
3.0 2.75 0.97 0.87 0.64 0.58 0.00
5.8 2.76 1.07 0.95 0.74 0.67 0.00
21.0 13.26 11.69 11.55 11.29 11.05 0.00
23.0 13.77 12.19 12.03 11.80 11.28 0.00
29.0 16.08 14.55 14.33 14.16 13.24 0.00
44.0 17.28 15.82 15.66 15.17 10.91 0.00
49.0 18.90 17.47 17.30 16.51 9.74 0.00
67.0 25.65 24.28 23.95 23.33 10.61 0.00
73.0 29.65 28.29 27.54 27.22 12.23 0.00
81.0 34.60 33.20 32.40 32.10 14.50 0.00
92.0 42.40 41.06 40.30 39.75 20.02 0.00
99.0 45.10 43.76 43.00 42.37 22.01 0.00
118.0 51.60 50.25 49.46 47.98 28.17 0.00
140.0 54.60 53.25 53.19 50.40 30.58 0.00
169.0 52.10 50.74 50.74 47.40 31.87 0.00
195.0 49.20 47.80 47.73 43.60 29.68 0.00
235.0 50.50 49.08 48.90 42.85 30.50 0.00
283.0 51.40 49.98 48.68 40.16 30.38 0.00
313.0 51.00 49.62 48.43 39.60 29.72 0.00
339.0 50.60 49.22 47.84 39.20 29.25 0.00
384.0 49.00 47.57 46.33 38.58 28.50 0.00
432.0 46.50 45.19 43.95 37.15 27.90 0.00
478.0 47.50 47.57 46.33 38.58 28.50 0.00
530.0 50.10 47.57 46.33 38.58 28.50 0.00
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Table D.4: Final Pb  Concentration Across the Top Layer of P S T l
PSTl Final conc. - Top Layer |
Initial Lead Concentration = 856 mg/kg
Section x(cm) y(cm) c (mg/kg) O/Oo x(cm) y (cm) c (mg/kg) O/Oo
2A1 66.04 7.5 1917.40 2.24 2D1 66.04 52.5 307.20 4.72
2A2 55.88 7.5 1223.40 1.43 202 55.88 52.5 861.60 1.01
2A3 45.72 7.5 669.80 0.78 203 45.72 52.5 151.70 0.18
2A4 38.10 7.5 507.20 0.59 204 38.10 52.5 3842.00 4.49
2A5 33.02 7.5 79.72 0.09 205 33.02 52.5 142.40 0.17
2A6 27.34 7.5 86.94 0.10 206 27.94 52.5 330.60 0.39
2A7 22.86 7.5 127.34 0.15 207 22.86 52.5 63.76 0.07
2A8 17.78 7.5 150.22 0.18 208 17.78 52.5 571.20 0.67
2A9 12.70 7.5 115.96 0.14 209 12.70 52.5 148.92 0.17
2A10 7.62 7.5 138.76 0.16 2010 7.62 52.5 211.00 0.25
2A11 2.54 7.5 79.24 0.09 2011 2.54 52.5 105.46 0.12
2B1 66.04 22.5 4176.00 4.88 ,2E1 66.04 67.5 385.60 4.85
2B2 55.88 22.5 391.20 0.46 .2E2 55.88 67.5 93.66 0.11
2B3 45.72 22.5 1532.20 1.79 ,2E3 45.72 67.5 1960.60 2.29
2B4 38.10 22.5 476.80 0.56 .2E4 33.10 67.5 101.52 0.12
285 33.02 22.5 354.40 0.41 ,2E5 33.02 67.5 93.60 0.11
286 27.94 22.5 541.20 0.63 ,2E6 27.94 67.5 287.00 0.34
2B7 22.86 22.5 407.80 0.48 .2E7 22.86 67.5 179.46 0.21
2B8 17.78 22.5 153.54 0.18 ,2E8 17.78 67.5 326.20 0.38
2B9 12.70 22.5 52.62 0.06 ,2E9 12.70 67.5 294.20 0.34
2B10 7.62 22.5 78.12 0.09 ,2E10 7.62 67.5 246.00 0.29
2B11 2.54 22.5 82.80 0.10 .2E11 2.54 67.5 51.28 0.06
2C1 66.04 37.5 588.20 2.69 2F1 66.04 82.5 3946.20 4.61
2C2 55.88 37.5 149.06 0.17 2F2 55.88 82.5 1165.60 1.36
203 45.72 37.5 950.20 1.11 2F3 45.72 82.5 146.24 0.17
204 38.10 37.5 1814.80 2.12 2F4 38.10 82.5 406.00 0.47
205 33.02 37.5 615.20 0.72 2F5 33.02 82.5 145.80 0.17
206 27.94 37.5 242.60 0.28 2F6 27.94 82.5 106.02 0.12
207 22.86 37.5 93.62 0.11 2F7 22.86 82.5 55.72 0.07
208 17.78 37.5 1018.60 1.19 2F8 17.78 82.5 84.48 0.10
209 12.70 37.5 73.84 0.09 2F9 12.70 82.5 460.00 0.54
2010 7.62 37.5 115.44 0.13 2F10 7.62 82.5 67.02 0.08
2011 2.54 37.5 123.38 0.14 2F11 2.54 82.5 76.04 0.09
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Table D.5: Final Pb  Concentration Across the Middle Layer of P S T l
PSTl Final conc. - Middle layer |
Initial Lead Concentration = 856 mg/kg
Section x(cm) y (cm) 0  (mg/kg) O/Oo Section X (cm) y (cm) 0  (mg/kg) O/Oo
3A1 66.04 7.5 6622.00 7.74 3D1 66.04 52.5 6450.00 7.54
3A2 55.88 7.5 330.20 0.39 302 55.88 52.5 732.60 0.86
3A3 45.72 7.5 607.20 0.71 303 45.72 52.5 497.40 0.58
3A4 38.10 7.5 264.40 0.31 304 38.10 52.5 254.20 0.30
3A5 33.02 7.5 225.00 0.26 305 33.02 52.5 320.60 0.37
3A6 27.94 7.5 85.54 0.10 306 27.94 52.5 298.20 0.35
3A7 22.86 7.5 67.12 0.08 307 22.86 52.5 68.00 0.08
3A8 17.78 7.5 111.96 0.13 308 17.78 52.5 748.40 0.87
3A9 12.70 7.5 126.02 0.15 309 12.70 52.5 338.20 0.40
3A10 7.62 7.5 264.20 0.31 3010 7.62 52.5 361.20 0.42
3A11 2.54 7.5 56.36 0.07 3011 2.54 52.5 74.80 0.09
3B1 66.04 22.5 8224.00 9.61 ,3E1 66.04 67.5 7748.00 9.05
3B2 55.88 22.5 391.20 0.46 .3E2 55.88 67.5 353.00 0.41
3B3 45.72 22.5 237.60 0.28 ,3E3 45.72 67.5 500.80 0.59
3B4 38.10 22.5 189.38 0.22 ,3E4 38.10 67.5 100.68 0.12
3B5 33.02 22.5 254.80 0.30 ,3E5 33.02 67.5 390.00 0.46
3B6 27.94 22.5 224.80 0.26 ,3E6 27.94 67.5 59.36 0.07
3B7 22.86 22.5 255.80 0.30 ,3E7 22.86 67.5 309.20 0.36
3B8 17.78 22.5 90.50 0.11 ,3E8 17.78 67.5 1075.80 1.26
3B9 12.70 22.5 266.40 0.31 ,3E9 12.70 67.5 109.06 0.13
3B10 7.62 22.5 75.90 0.09 ,3E10 7.62 67.5 169.72 0.20
3B11 2.54 22.5 72.70 0.08 .3E11 2.54 67.5 96.60 0.11
301 66.04 37.5 8069.00 9.43 3F1 66.04 82.5 9291.60 10.85
302 55.88 37.5 95.40 0.11 3F2 55.88 82.5 1632.00 1.91
303 45.72 37.5 790.40 0.92 3F3 45.72 82.5 841.80 0.98
304 38.10 37.5 1717.60 2.01 3F4 38.10 82.5 564.60 0.66
305 33.02 37.5 409.80 0.48 3F5 33.02 82.5 93.60 0.11
306 27.94 37.5 56.24 0.07 3F6 27.94 82.5 67.22 0.08
307 22.86 37.5 97.60 0.11 3F7 22.86 82.5 62.78 0.07
308 17.78 37.5 295.60 0.35 3F8 17.78 82.5 109.98 0.13
309 12.70 37.5 289.80 0.34 3F9 12.70 82.5 89.24 0.10
3010 7.62 37.5 134.56 0.16 3F10 7.62 82.5 298.60 0.35
3011 2.54 37.5 75.26 0.09 3F11 2.54 82.5 74.62 0.09
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Table D.6: Final Pb  Concentration Across the Bottom Layer of P S T l
PSTl Final conc. - Bottom Layer |
Initial Lead Concentration = 856 mg/kg
Section X (cm) y (cm) C (mg/kg) C/Co Section x(cm) y (cm) C (mg/kg) C/Co
1A1 66.04 7.5 2100.00 2.45 401 66.04 52.5 3888.00 4.54
2A2 55.88 7.5 836.20 0.98 402 55.88 52.5 2112.00 2.47
2A3 45.72 7.5 114.64 0.13 403 45.72 52.5 1013.40 1.18
2A4 38.10 7.5 1312.60 1.53 404 38.10 52.5 199.68 0.23
2A5 33.02 7.5 504.60 0.59 405 33.02 52.5 192.48 0.22
2A6 27.94 7.5 292.80 0.34 406 27.94 52.5 136.76 0.16
2A7 22.86 7.5 371.60 0.43 407 22.86 52.5 81.24 0.09
2A8 17.78 7.5 229.40 0.27 408 17.78 52.5 163.18 0.19
2A9 12.70 7.5 407.20 0.48 409 12.70 52.5 206.60 0.24
2A10 7.62 7.5 429.60 0.50 4010 7.62 52.5 164.30 0.19
2A11 2.54 7.5 78.82 0.09 4011 2.54 52.5 89.82 0.10
1B1 66.04 22.5 1855.00 2.17 ,1E1 66.04 67.5 7536.60 8.80
1B2 55.88 22.5 1631.80 1.91 ,1E2 55.88 67.5 723.20 0.84
1B3 45.72 22.5 148.78 0.17 .1E3 45.72 67.5 808.20 0.94
1B4 38.10 22.5 230.00 0.27 ,1E4 38.10 67.5 126.98 0.15
IBS 33.02 22.5 629.00 0.73 ,1E5 33.02 67.5 28.56 0.03
IBS 27.94 22.5 131.34 0.15 ,1E6 27.94 67.5 43.80 0.05
1B7 22.86 22.5 114.96 0.13 ,1E7 22.86 67.5 287.40 0.34
IBS 17.78 22.5 182.30 0.21 ,1E8 17.78 67.5 607.20 0.71
1B9 12.70 22.5 300.00 0.35 ,1E9 12.70 67.5 597.40 0.70
1B10 7.62 22.5 114.60 0.13 ,1E10 7.62 67.5 149.12 0.17
1B11 2.54 22.5 63.68 0.07 .1E11 2.54 67.5 115.00 0.13
101 66.04 37.5 5642.00 6.59 1F1 66.04 82.5 9257.60 10.81
102 55.88 37.5 2454.00 2.87 1F2 55.88 82.5 1147.40 1.34
103 45.72 37.5 203.20 0.24 1F3 45.72 82.5 907.80 1.06
104 38.10 37.5 127.92 0.15 1F4 38.10 82.5 626.60 0.73
105 33.02 37.5 278.40 0.33 1F5 33.02 82.5 109.20 0.13
106 27.94 37.5 237.80 0.28 1F6 27.94 82.5 67.22 0.08
107 22.86 37.5 341.20 0.40 1F7 22.86 82.5 86.80 0.10
108 17.78 37.5 186.04 0.22 1F8 17.78 82.5 71.00 0.08
109 12.70 37.5 234.00 0.27 1F9 12.70 82.5 69.60 0.08
1O10 7.62 37.5 152.60 0.18 1F10 7.62 82.5 269.60 0.31
1011 2.54 37.5 70.06 0.08 1F11 2.54 82.5 86.00 0.10
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
338
Table D.7: Final p H  Distribution Across the Top Layer of P S T l
PSTl : Final pH, Top Layer
Section X (cm) y(cm) pH Section X (cm) y(cm) pH
A11 2.54 7.5 2.77 Dll 2.54 52.5 2.98
A10 7.62 7.5 2.56 DIO 7.62 52.5 3.14
A9 12.70 7.5 2.76 D9 12.70 52.5 3.10
A8 17.78 7.5 3.45 D8 17.78 52.5 4.70
A7 2 2 . 8 6 7.5 4.27 D7 2 2 . 8 6 52.5 4.72
A6 27.94 7.5 4.57 D6 27.94 52.5 4.74
A5 33.02 7.5 4.85 D5 33.02 52.5 4.76
A4 38.10 7.5 4.76 D4 38.10 52.5 4.73
A3 45.7^ 7.5 4.89 D3 45.72 52.5 4.78
A2 55.88 7.5 5.03 D2 55.88 52.5 4.75
A1 66.04 7.5 5.10 D1 66.04 52.5 4.96
B1 1 2.54 22.5 2 . 0 1 Ell 2.54 67.5 2.79
BIO 7.62 22.5 2.55 E10 7.62 67.5 2.87
B9 12.70 22.5 2.30 E9 12.70 67.5 3.03
B8 17.78 22.5 3.90 E8 17.78 67.5 4.22
B7 2 2 . 8 6 22.5 4.47 E7 2 2 . 8 6 67.5 4.48
B6 27.94 22.5 4.55 E6 27.94 67.5 4.53
B5 33.02 22.5 4.60 E5 33.02 67.5 4.59
B4 38.10 22.5 4.56 E4 38.10 67.5 4.69
B3 45.72 22.5 4.71 E3 45.72 67.5 4.76
B2 55.88 22.5 4.56 E2 55.88 67.5 4.60
B1 66.04 22.5 5.18 El 66.04 67.5 5.03
C11 2.54 37.5 2.98 F11 2.54 82.5 2.87
C10 7.62 37.5 2.89 F10 7.62 82.5 2 . 8 8
C9 12.70 37.5 4.30 F9 12.70 82.5 2.98
C8 17.78 37.5 4.37 F8 17.78 82.5 3.76
C7 2 2 . 8 6 37.5 4.50 F7 2 2 . 8 6 82.5 4.56
C6 27.94 37.5 4.99 F6 27.94 82.5 4.64
C5 33.02 37.5 4.78 F5 33.02 82.5 4.76
C4 38.10 37.5 4.81 F4 38.10 82.5 4.77
C3 45.72 37.5 4.69 F3 45.72 82.5 4.82
C2 55.88 37.5 4.71 F2 55.88 82.5 4.93
Cl 66.04 37.5 5.32 FI 66.04 82.5 5.17
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PSTl : Final pH, Middle Layer
Section X (cm) y(cm) pH Section x(cm) y(cm) pH
A11 2.54 7.5 2.87 Dll 2.54 52.5 2.71
A10 7.62 7.5 2.87 DIO 7.62 52.5 2 . 6 6
A9 12.70 7.5 4.33 D9 12.70 52.5 2.80
A8 17.78 7.5 4.52 D8 17.78 52.5 4.23
A7 2 2 . 8 6 7.5 4.52 D7 2 2 . 8 6 52.5 4.69
A6 27.94 7.5 5.09 D6 27.94 52.5 4.64
AS 33.02 7.5 4.78 D5 33.02 52.5 4.74
A4 38.10 7.5 4.81 D4 38.10 52.5 4.77
A3 45.72 7.5 4.77 D3 45.72 52.5 4.77
A2 55.88 7.5 4.76 D2 55.88 52.5 4.53
A1 66.04 7.5 5.21 D1 66.04 52.5 4.87
B11 2.54 22.5 3.00 E ll 2.54 67.5 2 . 2 1
B10 7.62 22.5 3.27 E10 7.62 67.5 2 . 0 1
B9 12.70 22.5 3.32 E9 12.70 67.5 2.30
B8 17.78 22.5 4.68 E8 17.78 67.5 4.35
B7 2 2 . 8 6 22.5 4.68 E7 2 2 . 8 6 67.5 4.51
B6 27.94 22.5 4.74 E6 27.94 67.5 4.55
B5 33.02 22.5 4.75 E5 33.02 67.5 4.58
B4 38.10 22.5 4.73 E4 38.10 67.5 4.56
B3 45.72 22.5 4.70 E3 45.72 67.5 4.67
B2 55.88 22.5 4.75 E2 55.88 67.5 4.56
B1 66.04 22.5 4.80 El 66.04 67.5 5.11
C11 2.54 37.5 2.72 F11 2.54 82.5 2.36
C10 7.62 37.5 2.91 F10 7.62 82.5 2.19
C9 12.70 37.5 3.08 F9 12.70 82.5 2.52
C8 17.78 37.5 4.17 F8 17.78 82.5 3.66
C7 2 2 . 8 6 37.5 4.54 F7 2 2 . 8 6 82.5 4.39
C6 27.94 37.5 4.58 F6 27.94 82.5 4.55
C5 33.02 37.5 4.63 F5 33.02 82.5 4.85
C4 38.10 37.5 4.60 F4 38.10 82.5 5.00
C3 45.72 37.5 4.78 F3 45.72 82.5 5.01
C2 55.88 37.5 4.60 F2 55.88 82.5 5.03
C1 66.04 37.5 4.89 FI 66.04 82.5 5.06
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PST1 : Final pH, Bottom Layer
Section x(cm) y{cm) pH Section x(cm) y(cm) pH
A11 2.54 7.5 2.79 Dll 2.54 52.5 2.71
A10 7.62 7.5 2.98 DIO 7.62 52.5 2.74
A9 12.70 7.5 3.10 D9 12.70 52.5 2.96
A8 17.78 7.5 4.70 D8 17.78 52.5 3.39
A7 2 2 . 8 6 7.5 4.74 D7 2 2 . 8 6 52.5 4.20
A6 27.94 7.5 4.74 D6 27.94 52.5 4.71
A5 33.02 7.5 4.78 D5 33.02 52.5 4.79
A4 38.10 7.5 4.92 D4 38.10 52.5 4.76
A3 45.72 7.5 4.88 D3 45.72 52.5 4.88
A2 55.88 7.5 4.81 D2 55.88 52.5 4.89
A1 66.04 7.5 4.96 D1 66.04 52.5 5.13
B1 1 2.54 22.5 2.79 Ell 2.54 67.5 2.76
B10 7.62 22.5 2.87 E10 7.62 67.5 2.75
B9 12.70 22.5 3.18 E9 12.70 67.5 2.89
B8 17.78 22.5 4.17 E8 17.78 67.5 3.93
B7 2 2 . 8 6 22.5 4.38 E7 2 2 . 8 6 67.5 4.46
B6 27.94 22.5 4.48 E6 27.94 67.5 4.61
B5 33.02 22.5 4.59 E5 33.02 67.5 4.72
B4 38.10 22.5 4.71 E4 38.10 67.5 4.76
B3 45.72 22.5 4.80 E3 45.72 67.5 4.65
B2 55.88 22.5 4.80 E2 55.88 67.5 4.78
B1 66.04 22.5 5.10 El 66.04 67.5 5.21
C11 2.54 37.5 2 . 8 8 F11 2.54 82.5 2.59
C10 7.62 37.5 2.91 F10 7.62 82.5 2.81
C9 12.70 37.5 3.04 F9 12.70 82.5 3.20
C8 17.78 37.5 3.54 F8 17.78 82.5 4.27
C7 2 2 . 8 6 37.5 4.56 F7 2 2 . 8 6 82.5 4.55
C6 27.94 37.5 4.87 F6 27.94 82.5 5.78
C5 33.02 37.5 4.76 F5 33.02 82.5 4.73
C4 38.10 37.5 4.78 F4 38.10 82.5 4.84
C3 45.72 37.5 4.82 F3 45.72 82.5 4.83
C2 55.88 37.5 4.96 F2 55.88 82.5 4.89
Cl 66.04 37.5 5.20 FI 66.04 82.5 5.24
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PST1 Final Water Content
Section x(cm) w% Section X (cm) w%
A1 65.0 41.6 D1 65.0 41.2
A2 55.0 42.5 D2 55.0 37.6
A3 45.0 40.9 D3 45.0 36.9
A4 37.5 40.3 D4 37.5 37.9
A5 32.5 38.9 D5 32.5 36.7
A6 27.5 39.4 D6 27.5 37.8
A7 22.5 39.1 D7 22.5 38.8
A8 17.5 39.9 D8 17.5 38.7
A9 12.5 42.2 D9 12.5 38.8
A10 7.5 42.5 DIO 7.5 41.2
A11 2.5 42.5 Dll 2.5 42.1
B1 65.0 42.3 El 65.0 39.6
B2 55.0 39.3 E2 55.0 38.2
B3 45.0 39.2 E3 45.0 37.7
B4 37.5 39.8 E4 37.5 37.4
B5 32.5 39.4 E5 32.5 36.7
B6 27.5 40.2 E6 27.5 36.5
B7 22.5 39.3 E7 22.5 39.0
B8 17.5 38.1 E8 17.5 38.8
B9 12.5 39.3 E9 12.5 40.4
B10 7.5 42.7 E10 7.5 42.1
B11 2.5 42.7 E ll 2.5 42.7
C1 65.0 39.2 FI 65.0 42.4
C2 55.0 38.2 F2 55.0 42.1
C3 45.0 37.6 F3 45.0 41.8
C4 37.5 37.7 F4 37.5 40.5
C5 32.5 36.6 F5 32.5 39.4
C6 27.5 38.4 F6 27.5 38.2
C7 22.5 37.9 F7 22.5 37.2
C8 17.5 38.0 F8 17.5 38.2
C9 12.5 39.3 F9 12.5 40.2
C10 7.5 43.5 F10 7.5 44.0
C11 2.5 42.2 F11 2.5 43.5
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Table D .l l:  Electrolyte p H  Values and Mass Balance of P S T l
PST1: Ano yte & Catholyte pH
























Mass Balance for PSTl
Initial conc.=856 mg/kg
Total Pb= 479 gm
Pb (gm) % of Pb
Effluent 0.01 0.00
Electrodes 5.67 1.18
Layer 1 66.52 23.10
Layer 2 53.34 38.54
Layer 3 67.04 31.88
Total 94.69
Error -5.31
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Table D.12: Voltage Distribution Across the Soil in P S T l
Electric Potential Distribution Across PST1
Electric Potential (V)
Distance From Anode (cm)
Time (h) 0.0  (cm) 9.1 (cm) 18.4 (cm) 27.2 (cm) 36.6 (cm) 46.0 (cm) 57.6 (cm) 70.0(cm)
0 3.12 3.12 2.08 2.08 1.04 2.08 1.04 1.04
50 4.16 4.16 4.16 2.08 2.08 3.12 3.12 2.08
100 15.62 15.62 15.62 13.53 11.45 11.45 10.41 7.29
150 28.11 29.15 27.07 28.11 23.95 23.95 21.86 9.37
200 40.60 39.56 37.48 37.48 36.44 35.40 34.36 15.62
250 52.02 52.02 51.00 49.97 46.85 46.85 44.77 9.37
300 62.23 61.21 63.25 59.17 57.12 56.10 48.93 6.25
350 70.40 70.40 72.45 69.38 64.27 59.17 47.89 6.25
400 80.62 81.64 81.64 78.58 70.40 62.23 43.73 6.25
450 90.83 90.83 92.88 88.79 73.47 62.23 40.60 4.16
500 103.09 103.09 104.11 101.05 79.60 66.32 41.64 4.16
550 117.36 116.34 116.34 111.24 85.73 68.36 41.64 4.16
600 129.59 126.53 128.57 121.43 87.77 68.36 40.60 4.16
650 136.73 133.67 135.71 126.53 88.79 68.36 41.64 6.25
700 141.82 141.82 143.86 127.55 90.83 71.43 43.73 6.25
750 159.25 159.25 158.22 141.82 89.81 61.21 40.60 3.12
800 172.64 171.61 173.67 154.10 93.90 67.34 43.73 8.33
850 179.85 178.82 179.85 158.22 96.96 68.36 45.81 13.53
900 181.91 177.79 181.91 156.16 102.07 80.62 54.06 13.53
950 183.97 182.94 180.88 145.90 92.88 68.36 45.81 10.41
1000 183.97 182.94 176.76 143.86 101.05 75.51 56.10 18.74
1050 185.00 186.03 186.03 157.19 101.05 75.51 52.02 12.49
1100 183.97 185.00 187.06 155.13 100.03 75.51 54.06 11.45
1150 191.18 192.21 191.18 158.22 105.12 78.58 59.17 13.53
1200 190.15 191.18 190.15 158.22 105.12 79.60 59.17 15.62
1250 193.24 191.18 195.30 159.25 106.14 80.62 59.17 13.53
1300 193.24 193.24 199.42 159.25 106,14 80.62 62.23 15.62
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ke-ki Calculations For PSTl
Flow Rate Volt. Grad ke ki
Time (hr) Flow (L) (cm/s) (V/cm) (cm2/Vs) (cm3/As)
0.0 0.00 0.07
2.5 0.00 O.OOE+00 0.07 O.OOE+00 O.OOE+OO
13.0 0.00 O.OOE+00 0.09 O.OOE+00 O.OOE+OO
65.0 0.00 O.OOE+00 0.06 O.OOE+00 O.OOE+OO
73.0 0.00 O.OOE+00 0.09 O.OOE+00 O.OOE+OO
77.0 0.00 O.OOE+00 0.18 O.OOE+00 O.OOE+OO
245.0 0.00 O.OOE+00 0.76 O.OOE+00 O.OOE+OO
288.0 0.00 O.OOE+00 0.87 O.OOE+OO O.OOE+OO
378.0 0.00 O.OOE+00 1.12 O.OOE+00 O.OOE+OO
390.5 0.00 O.OOE+00 1.14 O.OOE+OO O.OOE+OO
401.0 5.00 7.44E-08 1.20 6.20E-08 5.59E-04
446.0 15.00 5.21 E-08 1.33 3.92E-08 3.92E-04
546.0 45.00 7.03E-08 1.71 4.1 IE-08 5.29E-04
596.0 60.26 1.88E-07 1.87 1.01E-07 1.42E-03
666.0 83.80 1.87E-07 2.03 9.21 E-08 1.41E-03
698.0 95.46 4.66E-07 2.07 2.25E-07 3.50E-03
718.0 103.79 8.1 IE-07 2.19 3.70E-07 6.10E-03
742.0 113.67 7.40E-07 2.26 3.27E-07 5.56E-03
766.0 123.63 8.05E-07 2.36 3.41 E-07 6.05E-03
789.5 133.68 8.89E-07 2.55 3.49E-07 6.68E-03
810.5 142.42 1.06E-06 2.58 4.11 E-07 7.97E-03
837.3 152.98 8.92E-07 2.66 3.35E-07 6.71 E-03
867.8 165.96 8.50E-07 2.63 3.23E-07 6.39E-03
887.8 175.42 1.37E-06 2.69 5.09E-07 1.03E-02
906.3 185.43 1.57E-06 2.72 5.76E-07 1.18E-02
936.0 197.96 1.04É-06 2.72 3.83E-07 7.83E-03
954.7 210.18 1.76E-06 2.75 6.39E-07 1.32E-02
960.7 213.77 5.57E-06 2.75 2.02E-06 4.19E-02
979.9 224.48 1.83E-06 2.82 6.48E-07 1.37E-02
987.7 229.21 4.59E-06 2.76 1.66E-06 3.45E-02
1006.2 239.22 2.02E-06 2.76 7.32E-07 1.52E-02
1029.7 253.37 1.68E-06 2.72 6.19E-07 1.27E-02
1070.7 273.42 1.04E-06 2.70 3.86E-07 7.83E-03
1083.2 280.60 3.51 E-06 2.69 1.30E-06 2.64E-02
1107.7 290.74 1.85E-06 2.72 6.82E-07 1.39E-02
1117.2 300.04 4.93E-06 2.70 1.83E-06 3.71 E-02
1127.5 305.77 4.64E-06 2.78 1.67E-06 3.49E-02
1152.8 320.28 1.98E-06 2.80 7.06E-07 1.49E-02
1171.8 331.09 2.72E-06 2.78 9.79E-07 2.05E-02
1189.8 341.31 2.96E-06 2.82 1.05E-06 2.23E-02
1239.1 363.92 1.15E-06 2.79 4.13E-07 8.67E-03
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Table D.14: Final Pb  Concentration Across the Layer 1 of PST2
PST2 Final Gone. - Layer 1 |
Initial Lead Concentration = 1533 mg/kg
Cell (A) Cell (B)
Section x(cm) y (cm) C (mg/kg) C/Co Section x(cm) y (cm) C (mg/kg) C/Co
A1-A1 3.5 11.25 19.22 0.01 B1-A1 3.5 11.25 26.02 0.02
A1-A2 10.5 11.25 20.70 0.01 B1-A2 10.5 11.25 170.92 0.11
A1-A3 17.5 11.25 29.26 0.02 B1-A3 17.5 11.25 232.40 0.15
A1-A4 24.5 11.25 97.70 0.06 B1-A4 24.5 11.25 293.00 0.19
A1-A5 31.5 11.25 247.20 0.16 B1-A5 31.5 11.25 65.58 0.04
A1-A6 38.5 11.25 127.80 0.08 B1-A6 38.5 11.25 47.66 0.03
A1-A7 45.5 11.25 40.12 0.03 B1-A7 45.5 11.25 59.46 0.04
A1-A8 52.5 11.25 30.08 0.02 B1-A8 52.5 11.25 81.96 0.05
A1-A9 59.5 11.25 121.46 0.08 B1-A9 59.5 11.25 115.60 0.08
A1-A10 66.5 11.25 370.60 0.24 B1-A10 66.5 11.25 830.00 0.54
A1-B1 3.5 33.75 50.90 0.03 B1-B1 3.5 33.75 15.06 0.01
A1-B2 10.5 33.75 19.08 0.01 B1-B2 10.5 33.75 17.97 0.01
A1-B3 17.5 33.75 16.40 0.01 B1-B3 17.5 33.75 109.54 0.07
A1-B4 24.5 33.75 35.62 0.02 B1-B4 24.5 33.75 234.00 0.15
A1-B5 31.5 33.75 189.20 0.12 B1-B5 31.5 33.75 26.68 0.02
A1-B6 38.5 33.75 448.00 0.29 B1-B6 38.5 33.75 14.92 0.01
A1-B7 45.5 33.75 39.92 0.03 B1-B7 45.5 33.75 23.66 0.02
A1-B8 52.5 33.75 27.38 0.02 B1-B8 52.5 33.75 26.62 0.02
A1-B9 59.5 33.75 747.80 0.49 B1-B9 59.5 33.75 434.00 0.28
A1-B10 66.5 33.75 1970.80 1.29 B1-B10 66.5 33.75 1013.80 0.66
A1-C1 3.5 56.25 57.50 0.04 B1-C1 3.5 56.25 30.28 0.02
A1-C2 10.5 56.25 33.26 0.02 B1-C2 10.5 56.25 23.86 0.02
A1-C3 17.5 56.25 100.04 0.07 B1-C3 17.5 56.25 217.80 0.14
A1-C4 24.5 56.25 198.38 0.13 B1-C4 24.5 56.25 181.20 0.12
A1-C5 31.5 56.25 210.00 0.14 B1-C5 31.5 56.25 32.02 0.02
A1-C6 38.5 55.25 94.22 0.06 B1-C6 38.5 56.25 25.84 0.02
A1-C7 45.5 56.25 37.20 0.02 B1-C7 45.5 56.25 16.33 0.01
A1-C8 52.5 56.25 77.20 0.05 B1-C8 52.5 56.25 163.50 0.11
A1-C9 59.5 56.25 68.08 0.04 B1-C9 59.5 56.25 494.20 0.32
A1-C10 66.5 56.25 1849.60 1.21 B1-C10 66.5 56.25 1545.20 1.01
A1-D1 3.5 78.75 45.04 0.03 B1-D1 3.5 78.75 20.64 0.01
A1-D2 10.5 78.75 31.32 0.02 B1-D2 10.5 78.75 30.14 0.02
A1-D3 17.5 78.75 71.00 0.05 B1-D3 17.5 78.75 19.82 0.01
A1-D4 24.5 78.75 114.80 0.07 B1-D4 24.5 78.75 194.80 0.13
A1-D5 31.5 78.75 98.58 0.06 B1-D5 31.5 78.75 207.40 0.14
A1-D6 38.5 78.75 82.10 0.05 B1-D6 38.5 78.75 43.52 0.03
A1-D7 45.5 78.75 78.10 0.05 B1-D7 45.5 78.75 33.90 0.02
A1-DB 52.5 78.75 23.10 0.02 B1-D8 52.5 78.75 261.20 0.17
A1-D9 59.5 78.75 49.46 0.03 B1-D9 59.5 78.75 77.52 0.05
A1-D10 66.5 78.75 4922.00 3.21 B1-D10 66.5 78.75 5926.00 3.87
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PST2 Final Concentration - Layer 2
Initial Lead Concentration = 1533 mg/kg
Cell (A) Cell (B)
Section x(cm) y (cm) C (mg/kg) C/Co Section x(cm) y (cm) C (mg/kg) C/Co
A2-A1 3.5 11.25 30.48 0.02 B2-A1 3.5 11.25 55.14 0.04
A2-A2 10.5 11.25 18.27 0.01 B2-A2 10.5 11.25 18.87 0.01
A2-A3 17.5 11.25 15.95 0.01 B2-A3 17.5 11.25 15.84 0.01
A2-A4 24.5 11.25 89.36 0.06 B2-A4 24.5 11.25 164.60 0.11
A2-A5 31.5 11.25 283.00 0.18 B2-A5 31.5 11.25 61.36 0.04
A2-A6 38.5 11.25 146.50 0.10 B2-A6 38.5 11.25 55.84 0.04
A2-A7 45.5 11.25 25.86 0.02 B2-A7 45.5 11.25 156.34 0.10
A2-A8 52.5 11.25 274.40 0.18 B2-A8 52.5 11.25 832.80 0.54
A2-A9 59.5 11.25 95.78 0.06 B2-A9 59.5 11.25 105.44 0.07
A2-A10 66.5 11.25 1959.60 1.28 B2-A10 66.5 11.25 1577.00 1.03
A2-B1 3.5 33.75 26.16 0.02 B2-B1 3.5 33.75 17.31 0.01
A2-B2 10.5 33.75 12.22 0.01 B2-B2 10.5 33.75 12.08 0.01
A1-B3 17.5 33.75 14.35 0.01 B2-B3 17.5 33.75 12.45 0.01
A2-B4 24.5 33.75 20.88 0.01 B2-B4 24.5 33.75 293.40 0.19
A2-B5 31.5 33.75 145.00 0.09 B2-B5 31.5 33.75 281.80 0.18
A2-B6 38.5 33.75 185.76 0.12 B2-B6 38.5 33.75 18.73 0.01
A2-B7 45.5 33.75 223.00 0.15 B2-B7 45.5 33.75 24.06 0.02
A2-B8 52.5 33.75 487.40 0.32 B2-B8 52.5 33.75 444.80 0.29
A2-B9 59.5 33.75 324.80 0.21 B2-B9 59.5 33.75 84.86 0.06
A2-B10 68.5 33.75 793.00 0.52 B2-B10 66.5 33.75 193.34 0.13
A2-C1 3.5 56.25 30.20 0.02 B2-C1 3.5 56.25 27.94 0.02
A2-C2 10.5 56.25 13.84 0.01 B2-C2 10.5 56.25 15.74 0.01
A2-C3 17.5 56.25 13.25 0.01 B2-C3 17.5 56.25 72.00 0.05
A2-C4 24.5 56.25 33.44 0.02 B2-C4 24.5 56.25 346.60 0.23
A2-G5 31.5 56.25 186.40 0.12 B2-C5 31.5 56.25 304.20 0.20
A2-C6 38.5 56.25 109.20 0.07 B2-C6 38.5 56.25 75.16 0.05
A2-C7 45.5 56.25 84.82 0.06 B2-C7 45.5 56.25 59.60 0.04
A2-C8 52.5 56.25 165.60 0.11 B2-C8 52.5 56.25 418.20 0.27
A2-C9 59.5 56.25 240.80 0.16 B2-C9 59.5 56.25 51.58 0.03
A2-C10 66.5 56.25 1590.60 1.04 B2-C10 66.5 56.25 1602.00 1.05
A2-D1 3.5 78.75 19.22 0.01 B2-D1 3.5 78.75 27.80 0.02
A2-D2 10.5 78.75 14.55 0.01 B2-D2 10.5 78.75 24.14 0.02
A2-D3 17.5 78.75 12.81 0.01 B2-D3 17.5 78.75 14.02 0.01
A2-D4 24.5 78.75 224.40 0.15 B2-D4 24.5 78.75 184.60 0.12
A2-D5 31.5 78.75 57.14 0.04 B2-D5 31.5 78.75 318.20 0.21
A2-D6 38.5 78.75 139.68 0.09 B2-D6 38.5 78.75 180.46 0.12
A2-D7 45.5 78.75 18.23 0.01 B2-D7 45.5 78.75 77.56 0.05
A2-D8 52.5 78.75 61.64 0.04 B2-D8 52.5 78.75 315.60 0.21
A2-D9 59.5 78.75 118.14 0.08 B2-D9 59.5 78.75 209.40 0.14
A2-D10 66.5 78.75 610.60 0.40 B2-D10 66.5 78.75 1142.40 0.75
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PST2 Final Concentration - Layer3
Initial Lead Concentration = 1533 mg/kg
Cell (A) Cell(B)
Section x(cm) y (cm) C (mg/kg) C/Co Section x(cm) y (cm) C (mg/kg) C/Co
A3-A1 3.5 11.25 25.74 0.02 B3-A1 3.5 11.25 24.52 0.02
A3-A2 10.5 11.25 22.90 0.01 B3-A2 10.5 11.25 30.98 0.02
A3-A3 17.5 11.25 23.50 0.02 B3-A3 17.5 11.25 29.50 0.02
A3-A4 24.5 11.25 84.98 0.06 B3-A4 24.5 11.25 44.90 0.03
A3-A5 31.5 11.25 210.00 0.14 B3-A5 31.5 11.25 379.40 0.25
A3-A6 38.5 11.25 72.88 0.05 B3-A6 38.5 11.25 35.66 0.02
A3-A7 45.5 11.25 67.80 0.04 B3-A7 45.5 11.25 59.76 0.04
A3-A8 52.5 11.25 53.16 0.03 B3-A8 52.5 11.25 535.20 0.35
A3-A9 59.5 11.25 795.00 0.52 B3-A9 59.5 11.25 145.46 0.09
A3-A10 66.5 11.25 670.00 0.44 B3-A10 66.5 11.25 196.74 0.13
A3-B1 3.5 33.75 24.20 0.02 B3-B1 3.5 33.75 18.89 0.01
A3-B2 10.5 33.75 16.53 0.01 B3-B2 10.5 33.75 25.98 0.02
A3-B3 17.5 33.75 33.20 0.02 B3-B3 17.5 33.75 18.86 0.01
A3-B4 24.5 33.75 225.60 0.15 B3-B4 24.5 33.75 50.08 0.03
A3-B5 31.5 33.75 444.40 0.29 B3-B5 31.5 33.75 446.40 0.29
A3-B6 38.5 33.75 437.40 0.29 B3-B6 38.5 33.75 443.00 0.29
A3-B7 45.5 33.75 120.60 0.08 B3-B7 45.5 33.75 176.92 0.12
A3-B8 52.5 33.75 105.56 0.07 B3-B8 52.5 33.75 155.66 0.10
A3-B9 59.5 33.75 716.80 0.47 B3-B9 59.5 33.75 80.84 0.05
A3-B10 66.5 33.75 1002.80 0.65 B3-B10 66.5 33.75 1927.60 1.26
A3-C1 3.5 56.25 22.88 0.01 B3-C1 3.5 56.25 90.76 0.06
A3-C2 10.5 56.25 21.42 0.01 B3-C2 10.5 56.25 20.74 0.01
A3-C3 17.5 56.25 40.22 0.03 B3-C3 17.5 56.25 23.68 0.02
A3-C4 24.5 56.25 258.60 0.17 B3-C4 24.5 56.25 157.64 0.10
A3-C5 31.5 56.25 102.02 0.07 B3-C5 31.5 56.25 26.10 0.02
A3-C6 38.5 56.25 126.80 0.08 B3-C6 38.5 56.25 94.44 0.06
A3-C7 45.5 56.25 89.62 0.06 B3-C7 45.5 56.25 462.00 0.30
A3-C8 52.5 56.25 89.40 0.06 B3-C8 52.5 56.25 157.16 0.10
A3-C9 59.5 56.25 179.40 0.12 B3-C9 59.5 56.25 157.70 0.10
A3-C10 66.5 56.25 931.00 0.61 B3-C10 66.5 56.25 1800.40 1.17
A3-D1 3.5 78.75 21.22 0.01 B3-D1 3.5 78.75 25.70 0.02
A3-D2 10.5 78.75 25.68 0.02 B3-D2 10.5 78.75 24.18 0.02
A3-D3 17.5 78.75 34.98 0.02 B3-D3 17.5 78.75 25.56 0.02
A3-D4 24.5 78.75 164.60 0.11 B3-D4 24.5 78.75 20.68 0.01
A3-D5 31.5 78.75 44.74 0.03 B3-D5 31.5 78.75 426.20 0.28
A3-D8 38.5 78.75 428.60 0.28 B3-D6 38.5 78.75 249.40 0.16
A3-D7 45.5 78.75 132.20 0.09 B3-D7 45.5 78.75 36.70 0.02
A3-D8 52.5 78.75 116.42 0.08 B3-D8 52.5 78.75 309.20 0.20
A3-D9 59.5 78.75 387.40 0.25 B3-D9 59.5 78.75 109.10 0.07
A3-D10 66.5 78.75 909.80 0.59 B3-D10 66.5 78.75 80.74 0.05
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Table D.17: Final Pb  Concentration Across the Layer 4 of PST2
PST2 Final conc. - Layer 4 |
Initial Lead Concentration = 1533 mg/kg
Cell (A) Cell (B)
Section x(cm) y (cm) C (mg/kg) C/Co Section x(cm) y (cm) C (mg/kg) C/Co
A4-A1 3.5 11.25 36.42 0.02 B4-A1 3.5 11.25 24.22 0.02
A4-A2 10.5 11.25 31.52 0.02 B4-A2 10.5 11.25 17.31 0.01
A4-A3 17.5 11.25 19.43 0.01 B4-A3 17.5 11.25 289.60 0.19
A4-A4 24.5 11.25 39.20 0.03 B4-A4 24.5 11.25 29.74 0.02
A4-A5 31.5 11.25 281.20 0.18 B4-A5 31.5 11.25 203.60 0.13
A4-A6 38.5 11.25 75.80 0.05 B4-A6 38.5 11.25 225.40 0.15
A4-A7 45.5 11.25 47.26 0.03 B4-A7 45.5 11.25 181.58 0.12
A4-A8 52.5 11.25 66.54 0.04 B4-A8 52.5 11.25 173.18 0.11
A4-A9 59.5 11.25 52.42 0.03 B4-A9 59.5 11.25 81.00 0.05
A4-A10 66.5 11.25 621.40 0.41 B4-A10 66.5 11.25 434.60 0.28
A4-B1 3.5 33.75 34.14 0.02 B4-B1 3.5 33.75 15.98 0.01
A4-B2 10.5 33.75 14.62 0.01 B4-B2 10.5 33.75 17.02 0.01
A4-B3 17.5 33.75 44.16 0.03 B4-B3 17.5 33.75 30.04 0.02
A4-B4 24.5 33.75 127.74 0.08 B4-B4 24.5 33.75 14.27 0.01
A4-B5 31.5 33.75 365.80 0.24 B4-B5 31.5 33.75 297.40 0.19
A4-B6 38.5 33.75 190.88 0.12 B4-B6 38.5 33.75 385.60 0.25
A4-B7 45.5 33.75 154.92 0.10 B4-B7 45.5 33.75 334.20 0.22
A4-B8 52.5 33.75 263.60 0.17 B4-B8 52.5 33.75 50.10 0.03
A4-B9 59.5 33.75 320.20 0.21 B4-B9 59.5 33.75 686.60 0.45
A4-B10 66.5 33.75 2021.60 1.32 B4-B10 66.5 33.75 3184.00 2.08
A4-C1 3.5 56.25 17.53 0.01 B4-C1 3.5 56.25 17.17 0.01
A4-C2 10.5 56.25 15.32 0.01 B4-C2 10.5 56.25 13.83 0.01
A4-C3 17.5 56.25 24.12 0.02 B4-C3 17.5 56.25 18.09 0.01
A4-C4 24.5 56.25 361.60 0.24 B4-C4 24.5 56.25 16.44 0.01
A4-C5 31.5 56.25 426.80 0.28 B4-C5 31.5 56.25 274.80 0.18
A4-C6 38.5 56.25 274.00 0.18 B4-C6 38.5 56.25 350.40 0.23
A4-C7 45.5 56.25 121.20 0.08 B4-C7 45.5 56.25 257.80 0.17
A4-C8 52.5 56.25 252.40 0.16 B4-C8 52.5 56.25 74.74 0.05
A4-C9 59.5 56.25 736.60 0.48 B4-C9 59.5 56.25 91.32 0.06
A4-C10 66.5 56.25 1257.80 0.82 B4-C10 66.5 56.25 549.60 0.36
A4-D1 3.5 78.75 39.78 0.03 B4-D1 3.5 78.75 20.86 0.01
A4-D2 10.5 78.75 41.64 0.03 B4-D2 10.5 78.75 14.29 0.01
A4-D3 17.5 78.75 47.72 0.03 B3-D3 17.5 78.75 14.94 0.01
A4-D4 24.5 78.75 184.25 0.12 B4-D4 24.5 78.75 14.63 0.01
A4-D5 31.5 78.75 113.02 0.07 B4-D5 31.5 78.75 271.80 0.18
A4-D6 38.5 78.75 506.20 0.33 B4-D6 38.5 78.75 30.70 0.02
A4-D7 45.5 78.75 183.60 0.12 B4-D7 45.5 78.75 267.40 0.17
A4-D8 52.5 78.75 320.80 0.21 B4-D8 52.5 78.75 325.20 0.21
A4-D9 59.5 78.75 638.40 0.42 B4-D9 59.5 78.75 222.00 0.14
A4-D10 66.5 78.75 2164.00 1.41 B4-D10 66.5 78.75 180.12 0.12
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Table D.18: Final Pb  Concentration Across the Layer 5 of PST2
PST2 Final conc. - Layer 5 |
initial Lead Concentration = 1533 mg/kg
Cell (A) Cell (B)
Section x(cm) y (cm) C (mg/kg) C/Co Section x(cm) y (cm) C (mg/kg) C/Co
A5-A1 3.5 11.25 203.00 0.13 t)5-A1 3.5 11.25 172.40 0.11
A5-A2 10.5 11.25 45.26 0.03 B5-A2 10.5 11.25 64.20 0.04
A5-A3 17.5 11.25 53.94 0.04 B5-A3 17.5 11.25 56.60 0.04
A5-A4 24.5 11.25 172.92 O.Hj B5-A4 24.5 11.25 184,20 0.12
A&-A5 31.5 11.25 158.20 0.10 B5-A5 31.5 11.25 158.20 0.10
A5-A6 38.5 11.25 275.80 0.18 B5-A6 38.5 11.25 279.80 0.18
A5-A7 45.5 11.25 136.00 0.09 B5-A7 45.5 11.25 98.00 0.06
A5-A8 52.5 11.25 270.80 0.18 B5-A8 52.5 11.25 230.80 0.15
A5-A9 59.5 11.25 206.80 0.13 B5-A9 59.5 11.25 220.20 0.14
A5-A10 66.5 11.25 239.00 1.87 B5-A10 66.5 11.25 917.80 0.60
A5-B1 3.5 33.75 460.60 0.16 B5-B1 3.5 33.75 299.40 0.20
A5-B2 10.5 33.75 191.30 0.12 B5-B2 10.5 33.75 201.00 0.13
A5-B3 175 33.75 166.40 0.11 B5-B3 17.5 33.75 137.60 0.09
A5-B4 24.5 33.75 144.20 0.09 B5-B4 24.5 33.75 71.00 0.05
A5-B5 31.5 33.75 131.54 0.09 B5-B5 31.5 33.75 104.60 0.07
A5-B6 38.5 33.75 360.60 0.24 B5-B6 38.5 33.75 238.60 0.16
A5-B7 45.5 33.75 455.40 0.30 B5-B7 45.5 33.75 381.20 0.25
A5-B8 52.5 33.75 91.18 0.06 B5-B8 52.5 33.75 59.60 0.04
A5-B9 59.5 33.75 101.10 0.07 B5-B9 59.5 33.75 124.20 0.08
A5-B10 66.5 33.75 1824.60 1.19 B5-B10 66.5 33.75 1941.00 1.27
A5-C1 3.5 56.25 290.20 0.19 B5-C1 3.5 56.25 161.00 0.11
A5-C2 10.5 56.25 239.40 0.16 B5-C2 10.5 56.25 141.20 0.09
A5-C3 17.5 56.25 226.80 0.15 B5-C3 17.5 56.25 168.60 0.11
A5-C4 24.5 56.25 186.80 0.12 B5-C4 24.5 56.25 190.80 0.12
A5-C5 31.5 56.25 189.16 0.12 B5-C5 31.5 56.25 136.60 0.09
A5-C6 38.5 56.25 366,60 0.24 B5-C6 38.5 56.25 221.20 0.14
A5-C7 45.5 55.25 110.02 0.07 B5-C7 45.5 56.25 111.20 0.07
A5-C8 52.5 56.25 106.64 0.07 B5-C8 52.5 56.25 105.60 0.07
A5-C9 59.5 56.25 132.98 0.09 B5-C9 59.5 56.25 132.98 0.09
A5-C10 66.5 56.25 661.40 1.49 B5-C10 66.5 56.25 1012.60 0.66
A5-D1 3.5 78.75 443.80 0.29 B5-D1 3.5 78.75 260.40 0.17
A5-D2 10.5 78.75 266.20 0.17 B5-D2 10.5 78.75 220.60 0.14
A5-D3 17.5 78.75 38.80 0.03 B5-D3 17.5 78.75 77.40 0.05
A5-D4 24.5 78.75 151.80 0.10 B5-D4 24.5 78.75 98.80 0.06
A5-D5 31.5 78.75 55.18 0.04 B5-D5 31.5 78.75 105.80 0.07
A5-DS 38.5 78.75 53.16 0.03 B5-D6 38.5 78.75 79.00 0.05
A5-D7 45.5 78.75 59.02 0.04 B5-D7 45.5 78.75 60.80 0.04
A5-D8 52.5 78.75 83.34 0.05 B5-DB 52.5 78.75 108.80 0.07
A5-D9 59.5 78.75 52.16 0.03 B5-D9 59.5 78.75 78.80 0.05
A5-D10 66.5 78.75 10268.00 3.20 85-010 66.5 78.75 10268.00 6.70
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Table D . l9: Final p H  Distribution Across Layer 1 of PST2
Final pH (PST2)
PST2-Cell (A) -Layer 1 PST2-Cell (B) -Layer 1
Section X (cm) y (cm) pH Section X (cm) y (cm) pH
A1-A1 3.5 11.25 2.39 B1-A1 3.5 11.25 1.66
A1-A2 10.5 11.25 2.63 B1-A2 10.5 11.25 2.17
A1-A3 17.5 11.25 2.69 B1-A3 17.5 11.25 2.17
A1-A4 24.5 11.25 3.01 B1-A4 24.5 11.25 2.64
A1-A5 31.5 11.25 3.89 B1-A5 31.5 11.25 4.42
A1-A6 38.5 11.25 5.04 B1-A6 38.5 11.25 4.47
A1-A7 45.5 11.25 4.71 B1-A7 45.5 11.25 4.39
A1-A8 52.5 11.25 4.71 B1-A8 52.5 11.25 3.83
A1-A9 59.5 11.25 4.30 B1-A9 59.5 11.25 4.09
A1-A10 66.5 11.25 4.21 B1-A10 66.5 11.25 3.50
A1-B1 3.5 33.75 2.38 B1-B1 3.5 33.75 1.48
A1-B2 10.5 33.75 2.42 B1-B2 10.5 33.75 1.71
A1-B3 17.5 33.75 2.61 B1-B3 17.5 33.75 1.89
A1-B4 24.5 33.75 2.77 B1-B4 24.5 33.75 2.14
A1-B5 31.5 33.75 2.66 B1-B5 31.5 33.75 4.18
A1-B6 38.5 33.75 4.93 B1-B6 38.5 33.75 4.31
A1-B7 45.5 33.75 4.86 B1-B7 45.5 33.75 4.55
A1-B8 52.5 33.75 4.78 B1-B8 52.5 33.75 3.97
A1-B9 59.5 33.75 4.46 B1-B9 59.5 33.75 3.76
A1-B10 66.5 33.75 3.90 B1-B10 66.5 33.75 3.45
A1-C1 3.5 56.25 1.80 B1-C1 3.5 56.25 1.42
A1-C2 10.5 56.25 1.93 B1-C2 10.5 56.25 1.64
A1-C3 17.5 56.25 2.14 B1-C3 17.5 56.25 1.75
A1-C4 24.5 56.25 2.62 B1-C4 24.5 56.25 2.09
A1-C5 31.5 56.25 2.52 B1-C5 31.5 56.25 4.15
A1-C6 38.5 56.25 2.87 B1-C6 38.5 56.25 4.36
A1-C7 45.5 56.25 4.15 B1-C7 45.5 56.25 4.06
A1-C8 52.5 56.25 3.62 B1-C8 52.5 56.25 4.33
A1-C9 59.5 56.25 4.47 B1-C9 59.5 56.25 3.85
A1-C10 66.5 56.25 4.57 B1-C10 66.5 56.25 3.84
A1-D1 3.5 78.75 1.65 B1-D1 3.5 78.75 1.54
A1-D2 10.5 78.75 1.37 B1-D2 10.5 78.75 1.52
A1-D3 17.5 78.75 1.77 B1-D3 17.5 78.75 1.72
A1-D4 24.5 78.75 1.98 B1-D4 24.5 78.75 2.13
A1-D5 31.5 78.75 2.39 B1-D5 31.5 78.75 3.26
A1-D6 38.5 78.75 3.26 B1-D6 38.5 78.75 2.86
A1-D7 45.5 78.75 3.63 B1-D7 45.5 78.75 4.30
A1-D8 52.5 78.75 3.82 B1-D8 52.5 78.75 4.33
A1-D9 59.5 78.75 3.73 B1-D9 59.5 78.75 4.11
A1-D10 66.5 78.75 3.50 B1-D10 66.5 78.75 4.36
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Final pH (PST2)
PST2-Ceii(A)-Layer2 PST2-Cell (B) -Layer 2
Section x(cm) y (cm) pH Section X (cm) y (cm) pH
A2-A1 3.5 11.25 1.63 B2-A1 3.5 11.25 1.74
A2-A2 10.5 11.25 1.60 B2-A2 10.5 11.25 1.59
A2-A3 17.5 11.25 1.79 B2-A3 17.5 11.25 1.93
A2-A4 24.5 11.25 2.17 B2-A4 24.5 11.25 2.35
A2-A5 31.5 11.25 3.45 B2-A5 31.5 11.25 4.24
A2-A6 38.5 11.25 4.84 B2-A6 38.5 11.25 4.73
A2-A7 45.5 11.25 3.91 B2-A7 45.5 11.25 3.97
A2-A8 52.5 11.25 4.13 B2-A8 52.5 11.25 4.13
A2-A9 59.5 11.25 4.33 B2-A9 59.5 11.25 3.83
A2-A10 66.5 11.25 4.55 B2-A10 66.5 11.25 4.11
A2-B1 3.5 33.75 1.49 B2-B1 3.5 33.75 1.50
A2-B2 10.5 33.75 1.51 B2-B2 10.5 33.75 1.54
A1-B3 17.5 33.75 1.75 B2-B3 17.5 33.75 1.65
A2-B4 24.5 33.75 2.13 B2-B4 24.5 33.75 1.89
A2-B5 31.5 33.75 3.17 B2-B5 31.5 33.75 4.03
A2-B6 38.5 33.75 5.66 B2-B6 38.5 33.75 4.16
A2-B7 45.5 33.75 4.10 B2-B7 45.5 33.75 4.41
A2-B8 52.5 33.75 4.35 B2-B8 52.5 33.75 4.07
A2-B9 59.5 33.75 4.62 B2-B9 59.5 33.75 4.36
A2-B10 66.5 33.75 4.19 B2-B10 66.5 33.75 4.12
A2-C1 3.5 56.25 1.51 B2-C1 3.5 56.25 1.29
A2-C2 10.5 56.25 1.33 B2-C2 10.5 56.25 1.51
A2-C3 17.5 56.25 1.34 B2-C3 17.5 56.25 1.65
A2-C4 24.5 56.25 1.98 B2-C4 24.5 56.25 2.00
A2-C5 31.5 56.25 3.00 B2-C5 31.5 56.25 3.78
A2-C6 38.5 56.25 5.28 B2-C6 38.5 56.25 4.36
A2-C7 45.5 56.25 4.70 B2-C7 45.5 56.25 4.31
A2-C8 52.5 56.25 3.68 B2-C8 52.5 56.25 3.45
A2-C9 59.5 56.25 4.30 B2-C9 59.5 56.25 3.91
A2-C10 66.5 56.25 4.25 B2-C10 66.5 56.25 3.96
A2-D1 3.5 78.75 1.38 B2-D1 3.5 78.75 1.41
A2-D2 10.5 78.75 1.43 B2-D2 10.5 76.75 1.49
A2-D3 17.5 78.75 1.57 B2-D3 17.5 78.75 1.60
A2-D4 24.5 78.75 1.76 B2-D4 24.5 78.75 2.06
A2-D5 31.5 78.75 2.94 B2-D5 31.5 78.75 2.73
A2-D6 38.5 78.75 5.90 B2-D6 38.5 78.75 3.79
A2-D7 45.5 78.75 4.08 B2-D7 45.5 78.75 3.46
A2-D8 52.5 78.75 4.21 B2-D8 52.5 78.75 4.05
A2-D9 59.5 78.75 4.90 B2-D9 59.5 78.75 3.66
A2-D10 66.5 78.75 4.38 B2-D10 66.5 78.75 3.62
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Table D.21: Final p H  Distribution Across Layer 3 of PST2
Final pH (PST2)
PST2-Cell (A)-Layer 3 PST2-Ce!l (B)-Layer 3
Section x(cm) y (cm) pH Section x(cm) y (cm) pH
A3-A1 3.5 11.25 1.99 B3-A1 3.5 11.25 2.07
A3-A2 10.5 11.25 2.14 B3-A2 10.5 11.25 2.15
A3-A3 17.5 11.25 2.36 B3-A3 17.5 11.25 2.32
A3-A4 24.5 11.25 2.86 B3-A4 24.5 11.25 2.66
A3-A5 31.5 11.25 4.53 B3-A5 31.5 11.25 3.41
A3-A6 38.5 11.25 5.35 B3-A6 38.5 11.25 4.22
A3-A7 45.5 11.25 4.42 B3-A7 45.5 11.25 4.31
A3-A8 52.5 11.25 4.58 B3-A8 52.5 11.25 4.02
A3-A9 59.5 11.25 4.53 B3-A9 59.5 11.25 4.22
A3-A10 66.5 11.25 4.49 B3-A10 66.5 11.25 4.31
A3-B1 3.5 33.75 1.95 B3-B1 3.5 33.75 2.04
A3-B2 10.5 33.75 2.09 B3-B2 10.5 33.75 2.10
A3-B3 17.5 33.75 2.51 B3-B3 17.5 33.75 2.20
A3-B4 24.5 33.75 3.06 B3-B4 24.5 33.75 2.48
A3-B5 31.5 33.75 4.74 B3-B5 31.5 33.75 5.28
A3-B6 38.5 33.75 5.00 B3-B6 38.5 33.75 4.13
A3-B7 45.5 33.75 5.48 B3-B7 45.5 33.75 4.59
A3-B8 52.5 33.75 4.87 B3-B8 52.5 33.75 4.65
A3-B9 59.5 33.75 4.36 B3-B9 59.5 33.75 4.22
A3-B10 66.5 33.75 4.31 B3-B10 66.5 33.75 4.38
A3-C1 3.5 56.25 1.87 B3-C1 3.5 56.25 1.98
A3-C2 10.5 56.25 1.93 B3-C2 10.5 56.25 1.93
A3-C3 17.5 56.25 2.23 B3-C3 17.5 56.25 2.16
A3-C4 24.5 56.25 3.05 B3-C4 24.5 56.25 2.25
A3-C5 31.5 56.25 5.16 B3-C5 31.5 56.25 3.65
A3-C6 38.5 56.25 4.95 B3-C6 38.5 56.25 5.08
A3-C7 45.5 56.25 4.62 B3-C7 45.5 56.25 4.55
A3-C8 52.5 56.25 4.27 B3-C8 52.5 56.25 4.59
A3-C9 59.5 56.25 4.56 B3-C9 59.5 56.25 4.54
A3-C10 66.5 56.25 4.48 B3-C10 66.5 56.25 4.31
A3-D1 3.5 78.75 1.85 B3-D1 3.5 78.75 2.09
A3-D2 10.5 78.75 2.11 B3-D2 10.5 78.75 1.90
A3-D3 17.5 78.75 2.13 B3-D3 17.5 78.75 1.98
A3-D4 24.5 78.75 2.80 B3-D4 24.5 78.75 2.24
A3-D5 31.5 76.75 4.07 B3-D5 31.5 78.75 2.38
A3-D6 38.5 78.75 4.40 B3-D6 38.5 78.75 3.27
A3-D7 45.5 78.75 4.42 B3-D7 45.5 78.75 4.09
A3-D8 52.5 78.75 4.33 B3-D8 52.5 78.75 4.52
A3-D9 59.5 78.75 4.50 B3-D9 59.5 78.75 4.34
A3-D10 66.5 78.75 4.47 B3-D10 66.5 78.75 4.59
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Table D.22: Final p H  Distribution Across Layer 4 of PST2
Final pH (PST2)
PST2-Cell (A) -Layer PST2-Cell (B)-Layer 4
Section x(cm) y (cm) pH Section X (cm) y (cm) pH
A4-A1 3.5 11.25 1.56 B4-A1 3.5 11.25 0.93
A4-A2 10.5 11.25 1.64 B4-A2 10.5 11.25 0.50
A4-A3 17.5 11.25 1.98 B4-A3 17.5 11.25 0.54
A4-A4 24.5 11.25 2.08 B4-A4 24.5 11.25 0.99
A4-A6 31.5 11.25 3.03 B4-A5 31.5 11.25 1.23
A4-A6 38.5 11.25 4.80 B4-A6 38.5 11.25 3.45
A4-A7 45.5 11.25 3.95 B4-A7 45.5 11.25 3.55
A4-A8 52.5 11.25 3.74 B4-A8 52.5 11.25 3.78
A4-A9 59.5 11.25 3.88 B4-A9 59.5 11.25 3.74
A4-A10 66.5 11.25 3.45 B4-A10 66.5 11.25 3.81
A4-B1 3.5 33.75 1.52 B4-B1 3.5 33.75 0.49
A4-B2 10.5 33.75 1.68 B4-B2 10.5 33.75 0.46
A4-B3 17.5 33.75 1.94 B4-B3 17.5 33.75 0.48
A4-B4 24.5 33.75 2.89 B4-B4 24.5 33.75 0.70
A4-B5 31.5 33.75 4.53 B4-B5 31.5 33.75 1.31
A4-B6 38.5 33.75 4.93 B4-B6 38.5 33.75 4.99
A4-B7 45.5 33.75 4.36 B4-B7 45.5 33.75 4.26
A4-B8 52.5 33.75 4.18 B4-B8 52.5 33.75 4.07
A4-B9 59.5 33.75 3.80 B4-B9 59.5 33.75 3.86
A4-B10 66.5 33.75 4.00 B4-B10 66.5 33.75 3.97
A4-C1 3.5 56.25 1.53 B4-C1 3.5 56.25 0.53
A4-C2 10.5 56.25 1.65 B4-C2 10.5 56.25 0.42
A4-C3 17.5 56.25 1.S3 B4-C3 17.5 56.25 0.55
A4-C4 24.5 56.25 2.55 B4-C4 24.5 56.25 0.94
A4-C5 31.5 56.25 4.41 B4-C5 31.5 56.25 1.74
A4-C6 38.5 56.25 3.43 B4-C6 38.5 56.25 5.77
A4-C7 45.5 56.25 3.31 B4-C7 45.5 56.25 4.65
A4-C8 52.5 56.25 3.93 B4-C8 52.6 56.25 4.06
A4-C9 59.5 56.25 4.04 B4-C9 59.5 56.25 3.87
A4-C10 66.5 56.25 4.64 B4-C10 66.5 56.25 4.61
A4-D1 3.5 78.75 1.57 B4-D1 3.5 78.75 0.47
A4-D2 10.5 78.75 1.66 B4-D2 10.5 78.75 0.52
A4-D3 17.5 78.75 1.93 B3-D3 17.5 78.75 0.53
A4-D4 24.5 78.75 2.47 B4-D4 24.5 78.75 0.80
A4-D5 31.5 78.75 3.29 B4-D5 31.5 78.75 1.17
A4-D6 38.5 78.75 4.57 B4-D6 38.5 78.75 2.60
A4-D7 45.5 78.75 4.25 B4-D7 45.5 78.75 4.97
A4-D8 52.5 78.75 3.94 B4-D8 52.5 78.75 5.37
A4-D9 59.5 78.75 4.08 B4-D9 59.5 78.75 3.72
A4-D10 66.5 78.75 4.34 B4-D10 66.5 78.75 3.61
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Table D.23: Final p H  Distribution Across Layer 5 of PST2
Final pH (PST2)
PST2-Cell (A) -Layer $ PST2-Celi (B) -Layer 1
Section X (cm) y (cm) pH Section X (cm) y (cm) pH
A5-A1 3.5 11.25 0.84 B5-A1 3.5 11.25 1.89
A5-A2 10.5 11.25 1.01 B5-A2 10.5 11.25 1.15
A5-A3 17.5 11.25 1.26 B5-A3 17.5 11.25 1.36
A5-A4 24.5 11.25 1.21 B5-A4 24.5 11.25 1.74
A5-A5 31.5 11.25 1.81 B5-A5 31.5 11.25 1.36
A5-A6 38.5 11.25 3.38 B5-A6 38.5 11.25 1.86
A5-A7 45.5 11.25 3.74 B5-A7 45.5 11.25 2.53
A5-A8 52.5 11.25 3.65 B5-A8 52.5 11.25 2.58
A5-A9 59.5 11.25 3.65 B5-A9 59.5 11.25 2.38
A5-A10 66.5 11.25 3.15 B5-A10 66.5 11.25 4.03
A5-B1 3.5 33.75 1.56 B5-B1 3.5 33.75 1.22
A5-B2 10.5 33.75 1.24 B5-B2 10.5 33.75 1.13
A5-B3 17.5 33.75 1.22 B5-B3 17.5 33.75 1.26
A5-B4 24.5 33.75 2.96 B5-B4 24.5 33.75 1.26
A5-B5 31.5 33.75 4.16 B5-B5 31.5 33.75 1.38
A5-B6 38.5 33.75 4.14 B5-B6 38.5 33.75 3.20
A5-B7 45.5 33.75 3.93 B5-B7 45.5 33.75 3.54
A5-B8 52.5 33.75 4.16 B5-B8 52.5 33.75 3.12
A5-B9 59.5 33.75 4.14 B5-B9 59.5 33.75 2.52
A5-B10 66.5 33.75 4.10 B5-B10 66.5 33.75 2.70
A5-C1 3.5 56.25 1.36 B5-C1 3.5 56.25 1.02
A5-C2 10.5 56.25 2.24 B5-C2 10.5 56.25 0.96
A5-C3 17.5 56.25 3.34 B5-C3 17.5 56.25 1.21
A5-C4 24.5 56.25 4.44 B5-C4 24.5 56.25 1.31
A5-C5 31.5 56.25 4.88 B5-C5 31.5 56.25 2.17
A5-C6 38.5 56.25 3.95 B5-C6 38.5 56.25 4.23
A5-C7 45.5 56.25 4.55 B5-C7 45.5 56.25 3.51
A5-C8 52.5 56.25 3.89 B5-C8 52.5 56.25 3.40
A5-C9 59.5 56.25 4.37 B5-C9 59.5 56.25 3.66
A5-C10 66.5 56.25 4.78 B5-C10 66.5 56.25 3.76
A5-D1 3.5 78.75 B5-D1 3.5 78.75 1.45
A5-D2 10.5 78.75 1.19 B5-D2 10.5 78.75 1.58
A5-D3 17.5 78.75 2.72 B5-D3 17.5 78.75 1.58
A5-D4 24.5 78.75 4.18 B5-D4 24.5 78.75 1.96
A5-D5 31.5 78.75 2.86 B5-D5 31.5 78.75 2.39
A5-D6 38.5 78.75 2.97 B5-D6 38.5 78.75 3.36
A5-D7 45.5 78.75 2.71 B5-D7 45.5 78.75 3.76
A5-D8 52.5 78.75 3.15 B5-D8 52.5 78.75 2.98
A5-D9 59.5 78.75 4.13 B5-D9 59.5 78.75 3.75
A5-D10 66.5 78.75 4.83 B5-D10 66.5 78.75 4.75
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Table D.24: Final Water Content Distribution Across Layer 1 of PST2
Final Water Content PST2)
PST2-Ce!l (A) -Layer * PST2-Ceii (B) -Layer 1
Section x(cm) y (cm) WO (%) Section X (cm) y (cm) WO (%)
A1-A1 3.5 11.25 46.58 B1-A1 3.5 11.25 48.66
A1-A2 10.5 11.25 42.79 B1-A2 10.5 11.25 40.83
A1-A3 17.5 11.25 38.24 B1-A3 17.5 11.25 37.75
A1-A4 24.5 11.25 36.48 B1-A4 24.5 11.25 36.38
A1-A5 31.5 11.25 34.67 B1-A5 31.5 11.25 33.74
A1-A6 38.5 11.25 33.57 B1-A6 38.5 11.25 35.48
A1-A7 45.5 11.25 34.70 B1-A7 45.5 11.25 34.24
A1-A8 52.5 11.25 35.43 B1-A8 52.5 11.25 39.18
A1-A9 59.5 11.25 41.24 B1-A9 59.5 11.25 40.33
A1-A10 66.5 11.25 47.47 B1-A10 66.5 11.25 46.49
A1-B1 3.5 33.75 46.57 B1-B1 3.5 33.75 44.60
A1-B2 10.5 33.75 41.78 B1-B2 10.5 33.75 42.87
A1-B3 17.5 33.75 37.36 B1-B3 17.5 33.75 38.40
A1-B4 24.5 33.75 36.64 B1-B4 24.5 33.75 37.20
A1-B5 31.5 33.75 35.73 B1-B5 31.5 33.75 34.01
A1-B6 38.5 33.75 33.68 B1-B6 38.5 33.75 34.24
A1-B7 45.5 33.75 33.69 B1-B7 45.5 33.75 34.76
A1-B8 52.5 33.75 34.73 B1-B8 52.5 33.75 37.93
A1-B9 59.5 33.75 37.87 S1-B9 59.5 33.75 46.92
A1-B10 66.5 33.75 48.49 B1-B10 66.5 33.75 47.39
A1-C1 3.5 56.25 48.28 B1-C1 3.5 56.25 46.36
A1-C2 10.5 56.25 40.96 B1-C2 10.5 56.25 43.70
A1-C3 17.5 56.25 37.26 B1-C3 17.5 56.25 37.40
A1-C4 24.5 58.25 34.93 81-04 24.5 56.25 36.35
A1-C5 31.5 56.25 33.24 B1-C5 31.5 56.25 34.08
A1-C6 38.5 56.25 32.86 B1-C6 38.5 56.25 34.58
A1-C7 45.5 56.25 32.77 B1-C7 45.5 56.25 34.60
A1-C8 52.5 56.25 34.62 B1-C8 52.5 56.25 38.06
A1-C9 59.5 56.25 38.79 B1-C9 59.5 56.25 43.32
A1-C10 66.5 56.25 53.14 B1-C10 66.5 56.25 44.47
A1-D1 3.5 78.75 46.56 B1-D1 3.5 78.75 49.38
A1-D2 10.5 78.75 42.27 B1-D2 10.5 78.75 46.94
A1-D3 17.5 78.75 37.97 B1-D3 17.5 78.75 43.21
A1-D4 24.5 78.75 35.40 B1-D4 24.5 78.75 36.95
A1-D5 31.5 78.75 34.09 B1-D5 31.5 78.75 33.56
A1-D6 38.5 78.75 34.39 B1-D6 38.5 78.75 34.50
A1-D7 45.5 78.75 35.39 B1-D7 45.5 78.75 35.26
A1-D8 52.5 78.75 36.31 B1-D8 52.5 78.75 34.18
A1-D9 59.5 78.75 39.62 B1-D9 59.5 78.75 36.12
A1-D10 66.5 78.75 50.46 B1-D10 66.5 78.75
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Table D.25: Final Water Content Distribution Across Laver 2 of PST2
Final Water Content (PST2)
PST2-Cell(A)-Layer2 PST2-Cell (B) -Layer 2
Section X (cm) y (cm) WO (%) Section x(cm) y (cm) WO (%)
A2-A1 3.5 11.25 49.41 B2-A1 3.5 11.25 47.28
A2-A2 10.5 11.25 46.10 B2-A2 10.5 11.25 46.04
A2-A3 17.5 11.25 41.82 B2-A3 17.5 11.25 39.18
A2-A4 24.5 11.25 38.81 B2-A4 24.5 11.25 37.50
A2-A5 31.5 11.25 38.02 B2-A5 31.5 11.25 34.88
A2-A6 38.5 11.25 38.66 B2-A6 38.5 11.25 36.62
A2-A7 45.5 11.25 39.94 B2-A7 45.5 11.25 37.34
A2-A8 52.5 11.25 44.86 B2-A8 52.5 11.25 41.68
A2-A9 59.5 11.25 50.10 B2-A9 59.5 11.25 42.95
A2-A10 66.5 11.25 56.35 B2-A10 66.5 11.25 46.95
A2-B1 3.5 33.75 43.44 B2-B1 3.5 33.75 43.43
A2-B2 10.5 33.75 40.62 B2-B2 10.5 33.75 40.46
A1-B3 17.5 33.75 37.57 B2-B3 17.5 33.75 38.45
A2-B4 24.5 33.75 38.22 B2-B4 24.5 33.75 37.35
A2-B5 31.5 33.75 35.39 B2-B5 31.5 33.75 34.30
A2-B6 38.5 33.75 35.62 B2-B6 38.5 33.75 35.34
A2-B7 45.5 33.75 36.44 B2-B7 45.5 33.75 38.05
A2-B8 52.5 33.75 38.28 B2-B8 52.5 33.75 49.28
A2-B9 59.5 33.75 42.12 B2-B9 59.5 33.75 42.08
A2-B10 66.5 33.75 44.58 B2-B10 66.5 33.75 43.69
A2-C1 3.5 56.25 46.97 B2-C1 3.5 56.25 44.57
A2-C2 10.5 56.25 43.31 B2-C2 10.5 56.25 40.66
A2-C3 17.5 56.25 38.40 B2-C3 17.5 56.25 38.09
A2-C4 24.5 56.25 36.50 B2-C4 24.5 56.25 37.70
A2-C5 31.5 56.25 36.03 B2-C5 31.5 56.25 34.90
A2-C6 38.5 56.25 36.84 B2-C6 38.5 56.25 34.69
A2-C7 45.5 56.25 36.37 B2-C7 45.5 56.25 38.41
A2-C8 52.5 56.25 38.49 B2-C8 52.5 56.25 39.86
A2-C9 59.5 56.25 44.93 B2-C9 59.5 56.25 40.66
A2-C10 66.5 56.25 48.15 B2-C10 66.5 56.25 43.06
A2-D1 3.5 78.75 46.82 B2-D1 3.5 78.75 46.71
A2-D2 10.5 78.75 46.22 B2-D2 10.5 78.75 43.40
A2-D3 17.5 78.75 43.15 B2-D3 17.5 78.75 40.10
A2-D4 24.5 78.75 39.03 B2-D4 24.5 78.75 38.65
A2-D5 31.5 78.75 36.53 B2-D5 31.5 78.75 37.44
A2-D6 38.5 78.75 37.52 B2-D6 38.5 78.75 35.84
A2-D7 45.5 78.75 38.31 B2-D7 45.5 78.75 37.84
A2-D8 52.5 78.75 41.74 B2-D8 52.5 78.75 39.52
A2-D9 59.5 78.75 48.12 B2-D9 59.5 78.75 41.36
A2-D10 66.5 78.75 49.21 B2-D10 66.5 78.75 49.01
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Table D.26: Final Water Content Distribution Across Layer 3 of PST2
Final Water Content (PST2)
PST2-Celi(A)-Layer3 PST2-Geii (B) -Layer 3
Section X (cm) y (cm) WO (%) Section x(cm) y (cm) WG (%)
A3-A1 3.5 11.25 47.31 B3-A1 3.5 11.25 47.28
A3-A2 10.5 11.25 43.87 B3-A2 10.5 11.25 46.47
A3-A3 17.5 11.25 42.33 B3-A3 17.5 11.25 44.32
A3-A4 24.5 11.25 41.24 B3-A4 24.5 11.25 40.20
A3-A5 31.5 11.25 40.61 B3-A5 31.5 11.25 38.06
A3-A6 38.5 11.25 38.23 B3-A6 38.5 11.25 38.20
A3-A7 45.5 11.25 39.34 B3-A7 45.5 11.25 38.21
A3-A8 52.5 11.25 42.63 B3-A8 52.5 11.25 40.16
A3-A9 59.5 11.25 47.92 B3-A9 59.5 11.25 42.09
A3-A10 66.5 11.25 49.27 B3-A10 66.5 11.25 45.76
A3-B1 3.5 33.75 44.68 B3-B1 3.5 33.75 45.14
A3-B2 10.5 33.75 41.98 B3-B2 10.5 33.75 42.25
A3-B3 17.5 33.75 38.65 B3-B3 17.5 33.75 42.20
A3-B4 24.5 33.75 38.76 B3-B4 24.5 33.75 39.84
A3-B5 31.5 33.75 38.86 B3-B5 31.5 33.75 35.28
A3-B6 38.5 33.75 39.49 B3-B6 38.5 33.75 37.23
A3-B7 45.5 33.75 40.08 B3-B7 45.5 33.75 40.12
A3-B8 52.5 33.75 41.08 B3-B8 52.5 33.75 39.09
A3-B9 59.5 33.75 44.51 B3-B9 59.5 33.75 41.20
A3-B10 66.5 33.75 46.33 B3-B10 66.5 32.75 44.70
A3-C1 3.5 56.25 46.52 B3-C1 3.5 56.25 44.95
A3-C2 10.5 56.25 44.18 B3-C2 10.5 56.25 42.41
A3-C3 17.5 56.25 41.25 B3-G3 17.5 56.25 41.83
A3-C4 24.5 56.25 40.56 B3-G4 24.5 56.25 39.48
A3-C5 31.5 56.25 39.99 B3-G5 31.5 56.25 38.56
A3-C6 38.5 56.25 41.77 B3-G6 38.5 56.25 40.01
A3-C7 45.5 56.25 41.91 B3-G7 45.5 56.25 43.25
A3-C8 52.5 56.25 41.74 B3-G8 52.5 56.25 46.69
A3-C9 59.5 56.25 45.34 B3-G9 59.5 56.25 45.34
A3-C10 66.5 56.25 47.94 B3-G10 66.5 56.25 44.81
A3-D1 3.5 78.75 45.38 B3-D1 3.5 78.75 47.46
A3-D2 10.5 78.75 43.80 B3-D2 10.5 78.75 45.86
A3-D3 17.5 78.75 41.01 B3-D3 17.5 78.75 43.72
A3-D4 24.5 78.75 39.52 B3-D4 24.5 78.75 39.57
A3-D5 31.5 78.75 38.67 B3-D5 31.5 78.75 39.03
A3-D6 38.5 78.75 41.33 B3-D6 38.5 78.75 39.26
A3-D7 45.5 78.75 42.63 B3-D7 45.5 78.75 38.94
A3-D8 52.5 78.75 46.51 B3-D8 52.5 78.75 38.46
A3-D9 59.5 78.75 46.97 B3-D9 59.5 78.75 41.99
A3-D10 66.5 78.75 46.91 B3-D10 66.5 78.75 45.61
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Table D.27: Final Water Content Distribution Across Layer 4 of PST2
Final Water Content PST2)
PST2-Cell (A) -Layer 4 PST2-Ce!i (B) -Layer 4
Section X (cm) y (cm) WO (%) Section X (cm) y (cm) WC (%)
A4-A1 3.5 11.25 48.88 B4-A1 3.5 11.25 50.48
A4-A2 10.5 11.25 45.64 B4-A2 10.5 11.25 48.04
A4-A3 17.5 11.25 42.93 B4-A3 17.5 11.25 44.73
A4-A4 24.5 11.25 40.81 B4-A4 24.5 11.25 40.52
A4-A5 31.5 11.25 40.07 B4-A5 31.5 11.25 39.79
A4-A6 38.5 11.25 45.78 B4-A6 38.5 11.25 37.00
A4-A7 45.5 11.25 39.98 B4-A7 45.5 11.25 38.98
A4-A8 52.5 11.25 40.59 B4-A8 52.5 11.25 42.45
A4-A9 59.5 11.25 43.41 B4-A9 59.5 11.25 40.98
A4-A10 66.5 11.25 47.98 B4-A10 66.5 11.25 45.91
A4-B1 3.5 33.75 47.82 B4-B1 3.5 33.75 47.91
A4-B2 10.5 33.75 43.61 B4-B2 10.5 33.75 46.33
A4-B3 17.5 33.75 41.29 B4-B3 17.5 33.75 43.19
A4-B4 24.5 33.75 38.88 B4-B4 24.5 33.75 41.11
A4-B5 31.5 33.75 38.51 B4-B5 31.5 33.75 38.79
A4-B6 38.5 33.75 39.61 B4-B6 38.5 33.75 36.33
A4-B7 45.5 33.75 41.38 B4-B7 45.5 33.75 38.43
A4-B8 52.5 33.75 42.35 B4-B8 52.5 33.75 39.32
A4-B9 59.5 33.75 44.74 B4-B9 59.5 33.75 40.83
A4-B10 66.5 33.75 46.15 B4-B10 66.5 33.75 43.80
A4-C1 3.5 56.25 47.46 B4-C1 3.5 56.25 46.06
A4-C2 10.5 56.25 46.82 B4-C2 10.5 56.25 44.79
A4-C3 17.5 56.25 41.99 B4-C3 17.5 56.25 41.77
A4-C4 24.5 56.25 40.77 B4-C4 24.5 56.25 41.75
A4.-C5 31.5 56.25 41.55 B4-C5 31.5 56.25 38.86
A4-G5 38.5 56.25 47.33 B4-C6 38.5 56.25 37.66
A4-C7 45.5 56.25 45.23 B4-G7 45.5 56.25 42.69
A4-C8 52.5 56.25 41.43 B4-C8 52.5 56.25 40.40
A4-C9 59.5 56.25 44.04 B4-C9 59.5 56.25 40.01
A4-C10 66.5 56.25 51.04 B4-C10 66.5 56.25 43.64
A4-D1 3.5 78.75 51.88 B4-D1 3.5 78.75 50.25
A4-D2 10.5 78.75 43.40 B4-D2 10.5 78.75 49.70
A4-D3 17.5 78.75 43.03 B3-D3 17.5 78.75 45.13
A4-D4 24.5 78.75 41.41 B4-D4 24.5 78.75 41.86
A4-D5 31.5 78.75 40.58 B4-D5 31.5 78.75 40.59
A4-D6 38.5 78.75 43.05 B4-D6 38.5 78.75 38.49
A4-D7 45.5 78.75 40.71 B4-D7 45.5 78.75 37.23
A4-D8 52.5 78.75 40.87 B4-D8 52.5 78.75 39.81
A4-D9 59.5 78.75 43.75 B4-D9 59.5 78.75 42.13
A4-D10 66.5 78.75 47.07 B4-D10 66.5 78.75 48.46
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Table D.28: Temperature Readings in PST2




Time (h) THER1 THER2 THER4
0 23.28 23.28 23.28
100 27.37 27.37 24.28
200 29.37 33.14 26.02
300 29.95 30.37 26.18
400 31.21 32.04 27.02
500 31.63 34.14 27.02
600 32.88 35.39 27.44
700 32.04 36.65 30.79
800 32.46 36.23 29.53
900 34.97 36.65 29.53
1000 35.81 37.90 30.37
1100 32.88 36.23 29.11
1200 34.14 37.07 29.11
1300 33.72 38.74 30.37
1400 35.39 38.32 27.86
1500 35.81 38.32 29.53
1600 33.30 37.90 27.86
1700 35.81 38.74 30.37
1800 34.97 36.65 31.63
1900 35.81 37.90 29.95
2000 35.39 38.74 29.11
2100 36.65 39.58 30.37
2200 37.90 40.42 30.37
2300 37.49 40.00 31.21
2400 38.74 40.42 32.88
2500 39.58 42.51 32.88
2600 43.76 41.25 32.04
2700 39.16 42.51 32.88
2800 40.42 42.09 34.97
2900 38.74 43.35 32.46
THER1 (Catholyte)
THER2 (at 46 cm from Anode)
THER3 (Did not function)
THER4 (Anolyte)
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Table D.29: Pore Water Pressure Readings in PST2
Pore Water Pressure (PST2)
(See Figure 5.9)
Pore Water Pressure kPa)
Time (h) TEN1 TEN2 TEN3 TEN4
0 -2.0 -2.0 -2.0 -2.0
30 -6.5 -1.9 -1.9 -2.3
33 -12.0 -1.5 -1.5 -2.9
55 -20.0 -1.5 -1.5 -3.2
60 -28.0 -1.8 -1.8 -3.7
73 -30.0 -2.2 -2.2 -4.0
105 -55.0 -2.1 -2.1 -4.4
150 •65.5 -24.2 -2.3 -2.2
200 -68.0 -73.4 -1.8 0.0
250 -70.0 -75.0 -6.8 -1.0
300 -66.4 -68.0 -32.3 -1.2
350 -66.3 -60.0 -46.0 -0.9
400 -58.4 -56.4 -62.7 -0.8
450 -47.0 -41.9 -58.1 -0.9
500 -26.5 -41.7 -57.8 -0.9
550 -15.4 -34.3 -54.6 -0.9
600 -4.5 -26.6 -51.4 -1.2
650 -5.1 -15.6 -51.8 -1.3
700 -7.0 -4.4 -51.7 -1.5
750 -11.1 0.4 -52.3 -1.8
800 -10.7 6.5 -49.3 -1.8
850 -13.2 8.7 -53.1 -1.9
900 -16.1 8.0 -47.9 -1.8
950 -17.8 8.0 -29.0 -1.9
1000 -18.8 7.6 -27.9 -1.8
1050 -18.5 6.5 -22.4 -1.8
1100 -20.0 6.2 -19.9 -1.9
1150 -20.0 6.4 -19.8 -2.0
1200 -19.6 5.9 -12.1 -0.8
1250 -18.8 5.4 -8.2 -1.8
1300 -18.4 4.0 -6.5 -1.9
1350 -19.6 2.8 -12.6 -2.0
1400 -18.8 1.5 -5.1 -2.0
1450 -18.5 -0.1 -7.6 -2.0
1500 -18.8 -0.8 -13.9 -2.0
1550 -17.4 0.6 -18.7 -2.0
1600 -17.3 1.2 -8.4 -2.1
1650 -18.3 1.9 -14.3 -2.0
1700 -18.4 2.3 -8.6 -2.1
1750 -18.6 1.0 -15.4 -2.1
1800 -20.0 3.9 -18.2 -2.0
1850 -19.6 5.8 -20.8 -2.0
1900 -19.5 8.0 -20.8 -1.9
1950 -19.6 7.6 -19.3 -1.6
2000 -19.6 2.1 -18.6 -1.6
2100 -22.1 -2.1 -24.3 -1.9
2200 -23.6 -7.7 -25.4 -1.8
2300 -24.1 -10.5 -29.6 -1.6
2400 -24.4 -11.6 -20.3 -1.6
2500 -23.3 -9.9 -19.7 -1.6
2600 -23.5 -7.4 -27.8 -1.6
2700 -23.8 -8.5 -23.5 -1.5
2800 -26.4 -5.6 -23.9 -1.3
2850 -25.7 -6.3 -15.3 -1.2
TEN1 (56 cm from Anode)
TEN2 (42 cm from Anode)
TEN3 (28 cm from Anode)
TEN4 (14 cm from Anode)
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Electric Potential Distribution Across PST2
Electric Potential (V)
Distance From Anode (cm)
Time (h) '2 .5  (cm) 0 (cm) 11.9 (cm) 23.1 (cm) 32.2 (cm) 42.0 (cm) 51.1 (cm) 80.9 (cm) 70.0 (cm) 72.5 (cm)
0 13.0 13.0 11.3 9.6 7.9 6.2 4.5 2.7 1.0 0.0
96 36.0 36.0 31.0 28.0 21.0 16.0 11.0 6.0 2.0 0.0
120 40.0 40.0 34.6 29.0 23.4 17.8 12.2 6.6 2.2 0.0
210 56.1 55.1 53.0 52.0 53.0 48.9 44.8 35.4 11.8 0.0
300 70.4 69.4 67.3 89.4 68.4 86.3 55.1 34.4 11.5 0.0
400 85.7 82.7 81.6 81.8 79.6 88.4 51.0 36.4 12.2 0.0
500 103.1 100.0 101.1 101.1 88.8 89.4 50.0 34.4 11.5 0.0
600 121.4 120.4 119.4 119.4 98.0 74.5 51.0 36.4 12.2 0.0
700 120.4 116.3 117.4 118.4 99.0 72.5 47.9 35.4 11.8 0.0
800 138.8 132.7 133.7 138.7 109.2 84.7 53.0 40.6 13.5 0.0
900 137.7 130.6 133.7 133.7 111.2 92.9 62.2 47.9 16.0 0.0
1000 137.7 135.7 134.7 134.8 111.2 90.8 62.2 48.9 18.3 0.0
1100 139.8 136.7 135.7 139.8 109.2 86.8 57.1 41.6 13.9 0.0
1200 154.1 151.0 151.0 154.1 111.2 89.8 61.2 47.9 16.0 0.0
1300 141.8 140.8 140.8 141.8 94.9 74.5 54.1 42.7 14.2 0.0
1400 149.0 143.9 142.8 145.9 94.9 76.5 53.0 43.7 14.6 0.0
1500 132.7 131.6 129.8 131.8 88.8 71.4 52.0 36.4 12.2 0.0
1600 129.6 125.5 125.5 128.5 88.8 73.5 55.1 42.7 14.2 0.0
1700 144.9 140.8 142.8 145.9 101.1 81.6 59.2 41.6 13.9 0.0
1800 113.3 112.3 112.3 112.3 80.6 88.4 51.0 40.6 13.5 0.0
1900 145.9 139.8 142.8 144.9 103.1 82.7 60.2 47.9 16.0 0.0
2000 153.1 151.0 151.0 151.1 107.2 85.7 63.3 46.9 15.6 0.0
2100 142.8 141.8 139.8 141.8 99.0 81.6 58.2 42.7 14.2 0.0
2200 137.7 134.7 134.7 137.7 99.0 82.7 62.2 46.9 15.6 0.0
2300 127.6 123.5 122.5 123.5 91.9 76.5 59.2 44.8 14.9 0.0
2400 129.6 127.6 128.5 128.8 97.0 81.6 60.2 45.8 15.3 0.0
2500 145.9 142.8 144.9 144.9 110.2 90.8 65.3 47.9 16.0 0.0
2600 146.9 139.8 141.6 140.8 108.2 91.9 64.3 51.0 17.0 0.0
2700 145.9 139.8 141.8 141.9 105.1 85.7 61.2 45.8 15.3 0.0
2800 153.1 150.0 149.0 149.0 114.3 98.0 73.5 55.1 18.4 0.0
2900 146.9 144.9 141.8 142.0 108.2 89.8 68.4 51.0 17.0 0.0
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Table D.31: Electrolyte p H  Values in PST2
PST2: Catholyte & Anolyte pH
Time (hr) Anolyte Cathol. A Cathol. B
0 7.10 7.10 7.10
3 5.53 7.47 6.90
4 3.02 7.61 7.27
6 2.68 7.72 7.12
7 2.53 7.55 8.02
8 2.40 7.61 7.27
13 2.35 7.69 7.53
24 2.07 8.36 9.48
48 2.11 9.99 10.03
80 2.07 11.11 10.82
102 1.92 11.11 10.89
132 1.97 11.11 11.13
150 2.00 11.38 11.03
170 1.69 11.45 11.29
198 1.78 11.26 11.58
219 1.73 11.32 11.42
295 1.72 11.42 11.39
323 1.95 11.55 11.58
344 1.67 11.51 11.52
398 1.69 11.42 11.48
440 1.84 11.37 11.55
633 1.70 10.91 11.21
922 1.60 11.12 10.62
1114 1.70 11.37 11.28
1282 1.73 11.35 11.20
1762 1.84 11.17 11.42
2026 1.85 11.43 11.33
2266 1.92 11.30 11.39
2410 1.87 11.05 11.13
2950 1.77 11.03 11.11
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Mass B alance For PST2 1 1 1 1
T o ta l Lead in  Each C e ll =6401*70*(1.17/1000)*1533E-6=803.66gm
F in a l Lead in  th e  s o i l  sam ple (gm)
C e ll A
S e c 's  1-1 Sec 10 S e c 's  1-9
L ayerl 33 .79 23.89 9 .90
Layer2 23.37 12.98 10.39
Layer3 2 4 .32 9.21 15.11
Layer4 32 .86 15.90 16.96
L ayers S1.S6 34.06 17.50
T o ta l (gm 165.90 96.04 69 .86
C e ll B
S e c 's  1-1 Sec 10 S e c 's  1-9
L ayerl 35 .08 24.42 10.66
Layer2 25.93 11.83 14.10
L ayers 23 .92 10.50 13.42
Layer4 25 .43 11.40 14.03
L ayers 42 .86 28.37 14.49
T o ta l (gm 153.22 86.52 66 .70
F re e , a t  th e  s o i l - f a b r i c  i n te r f a c e
Fb (gm)
C e ll A 398.40
C e ll 6 353.70
F re e , a t  th e  F ab ric
C e ll  A 119.2  gm o f  Fb
C e ll B 154.2  gm o f  Fb
E ff lu e n t Fb (gm)
E ff lu e n t  (A) 0.02
E ff lu e n t  (B) 0 .08
E le c tro d e  (E le c tro d e p o s i t io n )
C e ll A 1
T o ta l (gm) 1.62
C e ll -  B
T o ta l (gm) 1.39
1
F in a l  Mass B a lance  C a lc u la tio n s
C e ll A C e ll B
Fb (gm) % o f  i n i t i a l  Fb Fb (gm) % o f  Fb
S e c 's (1 -9 69 .86 8 .6 9 66.70 8 .30
S ec . 10 96 .04 11.96 86.52 10.77
L ast 2 cm 398.40 4 9 . S7 353.70 44.01
F a b ric 119.20 14.83 154.20 19.19
E le c tro d e 1 .6 2 0.20 1.39 0.17
E ff lu e n t 0.02 0.00 0 .08 0.01
T o ta l (gm 685.14 8 5 .2S 662.59 82 .45
E rro r - 1 4 .7S -1 7 .5 5
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Table D.33; Energy Expenditure in the P ilot-Scale Tests
Energy Expenditure for Pilot-Scale Tests (in kWh/m3)
Time (h) PST1 Time (h) PST2 Time (h) PST3
0 0.0 0 0.0 0 0.0
50 0.2 56 2.3 100 1.1
100 1.0 96 4.8 200 2.4
160 3.4 120 6.6 300 3.2
200 6.7 210 16.2 400 8.8
250 11.3 300 27.3 500 21.4
300 16.9 400 42.3 600 39.1
350 23.5 500 60.1 700 60.8
400 30.9 600 80.9 800 85.9
450 39.3 700 102.4 900 114.5
500 48.7 800 127.0 1000 145.5
550 59.4 900 153.9 1100 178.1
600 71.2 1000 181.7 1200 212.3
650 83.9 1100 209.4 1300 246.4
700 97.3 1200 237.3 1400 280.4
750 112.0 1300 265.1 1500 314.9
800 128.1 1400 292.2 1600 350.4
850 145.2 1500 318.6 1700 386.3
900 162.8 1600 344.6 1800 421.1
950 180.6 1700 370.9 1900 456.9
1000 198.7 1800 393.9 2000 492.9
1050 216.8 1900 417.8 2100 529.2
1100 234.7 2000 446.5 2200 565.2
1150 252.9 2100 473.0 2300 600.5
1200 271.4 2200 499.1 2400 635.9
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Total Voltage Applied in Pilot-Scale Tests (in Volt)
Time (hr) PST1 Time (h) PST2 Time (h) PST3
0 5.21 0 13 0 4.85
50 6.25 120 40 100 6.42
100 18.74 250 63.25 200 6.84
150 31.23 300 73.47 300 10.69
200 41.64 400 85.73 400 51.19
250 54.06 500 92.88 500 78.99
300 65.3 600 117.36 600 105.22
350 73.47 700 115.32 700 124.76
400 83.68 800 142.84 800 141.72
450 93.9 900 130.61 900 161.83
500 106.14 1000 142.84 1000 171.24
550 119.4 1100 140.8 1100 176.08
600 130.61 1200 149.98 1200 180.65
700 147.94 1300 145.9 1300 188.92
800 175.73 1400 146.92 1400 178.94
900 182.94 1500 139.78 1500 186.92
1000 187.06 1600 135.71 1600 192.34
1100 189.12 1700 136.73 1700 193.19
1150 195.3 1800 114.3 1800 188.35
1200 196.33 1900 148.96 1900 194.76
1250 197.36 2000 158.22 2000 194.48
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Table D.35: Final Pb  Distribution Across Layer 1 of PST3
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PST3 Final Cone. - Layer 1 |
initial Lead Concentration = 5322 mg/kg
Cell (A) Ceil (B)
Section x(cm) y (cm) C (mg/kg) C/Co Section x(cm) y (cm) C (mg/kg) C/Co
A1-A1 3.5 30.0 855.40 0.16 B1-A1 3.5 30.0 978.60 0.18
A1-A2 10.5 30.0 815.30 0.15 B1-A2 10.5 30.0 851.34 0.16
A1-A3 17.5 30.0 808.90 0.15 B1-A3 17.5 30.0 972.34 0.18
A1-A4 24.5 30.0 892.50 0.17 B1-A4 24.5 30.0 855.65 0.16
A1-A5 31.5 30.0 786.40 0.15 B1-A5 31.5 30.0 899.46 0.17
A1-A6 38.5 30.0 983.50 0.18 B1-A6 38.5 30.0 903.70 0.17
A1-A7 45.5 30.0 1227.30 0.23 B1-A7 45.5 30.0 1006.58 0.19
A1-A8 52.5 30.0 1228.40 0.23 B1-A8 52.5 30.0 1189.65 0.22
A1-A9 59.5 30.0 2956.40 0.56 B1-A9 59.5 30.0 916.45 0.17
A1-A10 66.5 30.0 6883.50 1.29 B1-A10 66.5 30.0 1894.52 0.36
A1-B1 3.5 60.0 783.10 0.15 B1-B1 3.5 60.0 924.67 0.17
A1-B2 10.5 60.0 909.70 0.17 B1-B2 10.5 60.0 1023.65 0.19
A1-B3 17.5 60.0 1013.50 0.19 B1-B3 17.5 60.0 1102.80 0.21
A1-B4 24.5 60.0 1157.30 0.22 B1-B4 24.5 60.0 1062.80 0.20
A1-B5 31.5 60.0 1045.60 0.20 B1-B5 31.5 60.0 1192.30 0.22
A1-B6 38.5 60.0 1335.65 0.25 B1-B6 38.5 60.0 1006.80 0.19
A1-B7 45.5 60.0 1056.70 0.20 B1-B7 45.5 60.0 1144.47 0.22
A1-B8 52.5 60.0 1268.30 0.24 B1-B8 52.5 60.0 1392.60 0.26
A1-B9 59.5 60.0 1684.90 0.32 B1-D9 59.5 60.0 982.74 0.18
A1-B10 66.5 60.0 7354.80 1.38 B1-B10 66.5 60.0 5389.20 1.01
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Table D.36: Final Pb  Distribution Across Layer 2 of PST3
PST3 Final conc. - Layer 2 |
Initial Lead Concentration = 5322 mg/kg
Cell (A) Cell (B)
Section x(cm) y (cm) C (mg/kg) C/Co Section x(cm) y (cm) C (mg/kg) C/Co
A1-A1 3.5 30.0 1053.20 0.20 B1-A1 3.5 30.0 581.80 0.11
A1-A2 10.5 30.0 1328.00 0.25 B1-A2 10.5 30.0 1213.80 0.23
A1-A3 17.5 30.0 1376.00 0.26 B1-A3 17.5 30.0 1395.40 0.26
A1-A4 24.5 30.0 1003.00 0.19 B1-A4 24.5 30.0 1156.40 0.22
A1-A5 31.5 30.0 1509.80 0.28 B1-A5 31.5 30.0 1224.40 0.23
A1-A6 38.5 30.0 1326.80 0.25 B1-A6 38.5 30.0 1186.00 0.22
A1-A7 45.5 30.0 1380.00J 0.26 B1-A7 45.5 30.0 1077.20 0.20
A1-A8 52.5 30.0 828.60 0.16 B1-A8 52.5 30.0 1932.70 0.36
A1-A9 59.5 30.0 2346.00 0.44 B1-A9 59.5 30.0 1956.30 0.37
A1-A10 66.5 30.0 2478.00 0.47 B1-A10 66.5 30.0 5642.00 1.06
A1-B1 3.5 60.0 940.20 0.18 B1-B1 3.5 60.0 425.20 0.08
A1-B2 10.5 60.0 724.40 0.14 B1-B2 10.5 60.0 534.00 0.10
A1-B3 17.5 60.0 852.40 0.16 B1-B3 17.5 60.0 828.20 0.16
A1-B4 24.5 60.0 1538.00 0.29 B1-B4 24.5 60.0 1362.40 0.26
A1-B5 31.5 60.0 1258.50 0.24 B1-B5 31.5 60.0 1360.60 0.26
A1-B6 38.5 60.0 1714.60 0.32 B1-B6 38.5 60.0 1595.00 0.30
A1-B7 45.5 60.0 1596.00 0.30 B1-B7 45.5 60.0 1203.80 0.23
A1-B8 52.5 60.0 1340.00 0.25 B1-B8 52.5 60.0 1135.60 0.21
A1-B9 59.5 60,0 2552.00 0.48 B1-B9 59.5 60.0 4002.00 0.75
A1-B10 66.5 60.0 4738.00 0.89 B1-B10 66.5 60.0 856.80 0.16
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Table D.37: Final P h  Distribution Across Layer 3 of PST3
PST3 Final Conc. - Layer 3 I
Initial Lead Cc: centration = 5322 mg/kg
Cell (A) Cell (B)
Section x(cm) y (cm) C (mg/kg) C/Co Section x(cm) y (cm) C (mg/kg) C/Co
A1-A1 3.5 30.0 794.30 0.15 B1-A1 3.5 30.0 969.10 0.18
A1-A2 10.5 30.0 780.36 0.15 B1-A2 10.5 30.0 931.18 0.17
A1-A3 17.5 30.0 777.80 0.15 B1-A3 17.5 30.0 885.74 0.17
A1-A4 24.5 30.0 812.90 0.15 B1-A4 24.5 30.0 837.46 0.16
A1-A5 31.5 30.0 689.46 0.13 B1-A5 31.5 30.0 895.38 0.17
A1-A6 38.5 30.0 1124.60 0.21 B1-A6 38.5 30.0 880.38 0.17
A1-A7 45.5 30.0 1454.40 0.27 B1-A7 45.5 30.0 1063.60 0.20
A1-A8 52.5 30.0 1275.40 0.24 B1-A8 52.5 30.0 1053.06 0.20
A1-A9 59.5 30.0 2803.96 0.53 B1-A9 59.5 30.0 113.96 0.02
A1-A10 66.5 30.0 8995.04 1.69 B1-A10 66.5 30.0 1214.50 0.23
A1-B1 3.5 60.0 667.80 0.13 B1-B1 3.5 60.0 1125.62 0.21
A1-B2 10.5 60.0 1015.46 0.19 B1-B2 10.5 60.0 1123.72 0.21
A1-B3 17.5 60.0 1027.96 0.19 B1-B3 17.5 60.0 1136.70 0.21
A1-B4 24.5 60.0 1394.48 0.26 B1-B4 24.5 60.0 1192.08 0.22
A1-B5 31.5 60.0 1008.64 0.19 B1-B5 31.5 60.0 1185.56 0.22
A1-B6 38.5 60.0 1333.70 0.25 B1-B6 38.5 60.0 1259.14 0.24
A1-B7 45.5 60.0 978.96 0.18 B1-B7 45.5 60.0 1244.72 0.23
A1-B8 52.5 60.0 2002.56 0.38 B1-B8 52.5 60.0 1242.46 0.23
A1-B9 59.5 60.0 2835.12 0.53 B1-B9 59.5 60.0 1254.28 0.24
A1-B10 66.5 60.0 7118.54 1.34 B1-B10 66.5 60.0 1274.22 0.24
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Table D.38: Final p H  Distribution Across Layer 1 of PST3
PS T 3  Final pH. - Layer 1
Cell (A) Cell (B)
Section X (cm ) y (cm ) pH Section x (c m ) y (cm ) pH
A1-A1 3.5 30.0 2 .13 B1-A1 3.5 30.0 2.01
A1-A2 10.5 30.0 1.96 B1-A2 10.5 30.0 1.99
A1-A3 17.5 30.0 2.01 B1-A3 17.5 30.0 2.12
A1-A4 2 4 .5 30.0 2.02 B1-A4 24.5 30.0 2.08
A1-A5 31.5 30.0 2 .10 B1-A5 31.5 30.0 2.16
A1-A6 38.5 30.0 2 .45 B1-A6 38.5 30.0 2.34
A1-A7 4 5 .5 30.0 2.51 B1-A7 45 .5 30.0 2.78
A1-A8 52 .5 30.0 3.17 B1-A8 52.5 30.0 3.11
A1-A9 59.5 30.0 5.04 B1-A9 59.5 30.0 5.03
A1-A10 66 .5 3C.0 7.89 B1-A10 66 .5 30.0 8.07
A1-B1 3.5 60 .0 2.02 B1-B1 3.5 60.0 1.89
A1-B2 10.5 60.0 1.89 B1-B2 10.5 60.0 1.96
A1-B3 17.5 60.0 1.99 B1-B3 17.5 60.0 1.96
A1-B4 2 4 .5 60 .0 2.12 B1-B4 24.5 60.0 2.11
A1-B5 31.5 60 .0 2.38 31-B 5 31.5 60.0 2.09
A1-B6 38.5 60.0 2.46 B1-B6 38.5 60.0 2.43
A1-B7 4 5 .5 60 .0 2.66 B1-B7 45.5 60.0 3.26
A1-B8 52.5 60.0 3.76 B1-B8 52.5 60.0 3.99
A1-B9 59.5 60 .0 4.99 B1-B9 59.5 60.0 4.81
A1-B10 6 6 .5 60 .0 7.56 B1-B10 66.5 60.0 7.64
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Table D.39: Final p H  Distribution Across Layer 2 of PST3
PS T 3  Final pH -  Layer 2
Cell (A) Cell (B)
Section x (c m ) y (cm ) pH Section X (cm ) y (cm ) pH
A1-A1 3.5 30.0 2.26 B1-A1 3.5 30.0 1.95
A1-A2 10.5 30.0 1.88 B1-A2 10.5 30.0 1.51
A1-A3 17.5 30.0 2.54 B1-A3 17.5 30.0 2.45
A1-A4 24.5 30.0 2.02 B1-A4 24.5 30.0 1.71
A1-A5 31.5 30.0 3.12 B1-A5 31.5 30.0 2.15
A1-A6 38.5 30.0 2.82 B1-A6 38.5 30.0 2.61
A1-A7 45.5 30.0 3.05 B1-A7 45 .5 30.0 2.87
A1-A8 52.5 30.0 3.98 B1-A8 52.5 30.0 3.22
A1-A9 59.5 30.0 5.04 B1-A9 59.5 30.0 4.55
A1-A10 66.5 30.0 8.18 B1-A10 66.5 30.0 7.38
A1-B1 3.5 60.0 1.82 B1-B1 3.5 60.0 1.95
A1-B2 10.5 60.0 1.56 B1-B2 10.5 60.0 1.98
A1-B3 17.5 60.0 2 .70 B1-B3 17.5 60.0 1.86
A1-B4 24.5 60.0 2 .28 B1-B4 24.5 60 .0 1.99
A1-B5 31.5 60.0 2 .38 B1-B5 31.5 60.0 2.23
A1-B6 38.5 60.0 2.55 B1-B6 38.5 60 .0 2.55
A1-B7 45.5 60.0 2 .98 B1-B7 45 .5 60.0 3.98
A1-B8 52.5 60.0 3.61 B1-B8 52.5 60.0 3.97
A1-B9 59.5 60.0 4 .89 B1-B9 59.5 60.0 5.08
A1-B10 66.5 60.0 7.05 B1-B10 66 .5 60 .0 4.54
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PS T 3 Final pH - Layer 3
Cell (A) Cell (B)
Section x (c m ) y (cm ) pH Section x (c m ) y (cm) pH
A1-A1 3.5 30.0 2 .65 B1-A1 3.5 3 0 .0 1.78
A1-A2 10.5 30.0 3.39 B1-A2 10.5 3 0 .0 1.76
A1-A3 17.5 30.0 2 .92 B1-A3 17.5 3 0 .0 2.15
A1-A4 24.5 30.0 2 .56 B1-A4 24.5 30 .0 1.81
A1-A5 31.5 30.0 2 .70 B1-A5 31.5 30 .0 2.55
A1-A6 38.5 30.0 2 .68 B1-A6 38.5 30 .0 2.61
A1-A7 45 .5 30.0 3.11 B1-A7 45.5 30 .0 3.27
A1-A8 52.5 30.0 4.51 B1-A8 52.5 30 .0 4.11
A1-A9 59.5 30.0 5.46 B1-A9 59.5 30 .0 6.05
A1-A10 66.5 30.0 5.79 B1-A10 66.5 30.0 6.87
A1-B1 3.5 60.0 1.87 B1-B1 3.5 6 0 .0 1.87
A1-B2 10.5 60.0 1.98 B1-B2 10.5 60 .0 1.90
A1-B3 17.5 60.0 2.07 B1-B3 17.5 60 .0 1.83
A1-B4 24.5 60.0 2.33 B1-B4 24.5 6 0 .0 2.17
A1-B5 31.5 60.0 2.26 B1-B5 31.5 6 0 .0 2.47
A1-B6 38.5 60.0 2.41 B1-B6 38.5 60 .0 2.71
A1-B7 45 .5 60.0 2.83 B1-B7 45.5 60 .0 2.90
A1-B8 52.5 60.0 3.69 B1-B8 52.5 60 .0 3.56
A1-B9 59.5 60 .0 4.23 B1-B9 59.5 6 0 .0 5.69
A1-B10 66 .5 60 .0 6.11 B1-B10 66.5 60 .0 6.62
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
372
Table D.41: Lead Profiles in PST3 at Different Periods of Processing
Lead Distribution Across PST3 (In Time)
Concentration in (mg/kg) Initial Lead Concentration=5322 mg/kg
Distance From Anode (cm)
Sec(Time) 5 cm 15 cm 25 cm 35 cm 45 cm 55 cm 65 cm
T(192h) 4164.0 4670.0 5260.0 5066.0 4984.0 5194.0 4136.0
M (192h) 4072.0 4732.0 4254.0 5224.0 5358.0 4198.0 3190.0
B(192h) 2840.0 4726.0 5370.0 5894.0 5154.0 4800.0 4926.0
T (360h) 2200.0 4438.0 4556.0 4420.0 4836.0 4438.0 4744.0
M (360h) 1965.6 4702.0 5246.0 4144.0 5362.0 4888.0 3604.0
B (360h) 2538.0 3872.0 3508.0 4788.0 5096.0 4976.0 4132.0
T (528h) 1850.8 4230.0 4604.0 4810.0 4564.0 4308.0 1475.0
M (528h) 1454.0 4090.0 4528.0 4814.0 4936.0 4914.0 6424.0
B (528h) 1616.4 3448.0 3228.0 4546.0 5382.0 4358.0 5408.0
T (888h) 932.2 2108.0 3402.0 3522.0 4226.0 1489.4 2088.0
M (888h) 1407.8 1767.6 2728.0 3132.0 3822.0 3564.0 13312.0
B (888h) 1138.0 1992.0 3456.0 3982.0 3778.0 4350.0 8834.0
T(1272h) 876.0 690.8 1460.0 2490.0 2470.0 590.2 7626.0
M (1272h) 656.0 1020.8 2296.0 2360.0 2536.0 221.6 1872.2
B (1272) 741.2 1578.8 1730.0 1808.8 1864.6 309.0 2300.0
I  : Top Layer, M: Middle Layer, B: Bottom Layer
T (192h): Top Layer after 192 hours of Processing
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Table D.42; p H  Profiles in PST3 at Different Periods of Processing
pH Distribution in PST3
Distance From Anode (cm)
Sec(Time) 5 cm 15 cm 25 cm 35 cm 45 cm 55 cm 65 cm
T(192h) 2.39 3.90 3.86 3.87 3.83 3.84 4.16
M (192h) 2.40 4.10 3.77 4.02 3.84 3.73 3.79
B (192h) 2.62 3.74 4.21 4.12 3.99 4.24 3.81
T (360h) 1.72 3.07 3.43 3.80 3.85 3.99 4.23
M (360h) 1.27 3.01 3.75 3.84 4.24 4.39 4.71
B (360h) 1.07 3.06 3.46 3.89 4.08 4.31 4.64
T (528h) 1.26 2.17 3.19 3.93 4.02 3.91 5.22
M (528h) 1.77 2.06 2.85 4.03 4.10 4.20 5.38
B (528h) 1.54 2.46 3.16 4.01 3.67 3.86 5.88
T : Top Layer, M: Middle Layer, B: Bottom Layer
T (192h): Top Layer after 192 hours of Processing
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Table D.43: Pore Water Pressure Measurements in PST3
PST3: Suction (kPa)
Distance From Anode (see Fig. 5.9)
56 cm 42 cm 28 cm 14 cm
Time (h) TEN1 TEN2 TEN3 TEN4
50 -0.57 -0.27 -1.45 -0.24
100 -0.68 -0.19 -1.12 0.33
150 -0.56 0.09 -1.04 0.04
200 -0.40 0.05 -0.86 0.38
250 -0.45 -0.14 -0.90 0.57
300 -0.70 -0.21 -1.23 0.73
350 -0.51 -0.42 -1.29 0.72
400 -0.73 -0.67 -1.00 0.91
! 450 -0.68 -0.51 -1.33 0.97
500 -0.84 -2.09 -1.19 1.20
550 -1.16 -13.78 -1.40 1.02
600 -1.32 -19.11 -1.46 1.26
650 -2.22 -14.31 -1.84 1.26
700 -3.71 -6.56 -2.01 1.04
750 -5.20 -6,44 -2.60 0.88
800 -7.81 -9.81 -2.73 0.82
850 -11.47 -7.22 -3.94 0.65
900 -12.79 -8.14 -3.92 0.65
950 -17.65 -12.60 -5.09 0.49
1000 -31.40 -12.57 -5.81 0.83
1050 -21.88 -13.03 -5.59 0.82
1100 -34.19 -17.61 -7.77 2.08
1150 -34.19 -14.88 -13.21 4.06
1200 -36.39 -32.33 -15.01 3.33
1250 -32.49 -26.92 -20.91 4.21
1300 -33.90 -22.55 -9.78 3.04
1350 -34.90 -22.12 -18.76 2.97
1400 -34.19 -29.33 -12.46 3.36
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Table D.44; Voltage Distribution Across the Soil in PST3
Electric Potential Distribution PST3
Electric Potential (V)
Distance From Anode (cm)
Time (h) 72.5 cm 70.0 cm 60.9 cm 51.1 cm 42.1 cm 32.2 cm 23.1 cm 11.9 cm 0 cm -2.5 cm
Oh 0.0 1.8 1.8 1.8 3.4 2.9 2.3 3.1 2.9 4.9
100 h 0.0 2.3 2.9 3.5 3.4 4.1 2.9 4.6 4.1 6.4
200 ti 0.0 2.3 3.5 4.1 3.9 4.7 4.1 5.0 5.3 6.8
300h 0.0 6.4 8.2 8.2 8.4 8.8 8.2 9.1 9.3 10.7
400h 0.0 15.8 45.6 45.0 46.6 47.3 47.3 48.3 49.1 51.2
SOOh 0.0 21.0 71.8 71.2 73.1 74.8 74.8 75.4 77.1 79.0
600h 0.0 24.5 96.4 95.8 98.5 100.4 101.0 101.1 103.4 105.2
700 h 0.0 26.9 113.9 113.9 117.1 119.1 119.7 120.2 122.1 124.8
800h 0.0 23.4 128.5 130.2 133.3 136.1 137.2 136.7 140.2 141.7
SOOh 0.0 26.9 134.3 148.9 152.4 155.3 156.5 157.0 160.0 161.8
1000 h 0.0 25.7 127.3 158.3 161.8 164.7 165.9 165.5 168.8 171.2
1100 h 0.0 19.9 119.1 161.8 165.8 169.9 170.5 170.7 174.0 176.1
1200 h 0.0 22.2 118.0 167.0 170.7 174.6 175.8 175.2 178.7 180.7
1300 h 0.0 28.6 119.1 175.2 178.7 182.8 184.0 182.6 186.9 188.9
1400 h 0.0 19.3 103.4 165.3 170.4 171.7 173.4 172.8 176.4 178.9
1500 h 0.0 15.8 104.0 172.3 178.4 181.0 181.6 181.2 185.1 186.9
1600 b 0.0 21.0 103.4 177.0 182.6 185.7 186.9 185.5 189.2 192.3
1700 h 0.0 24.5 100.4 177.5 183.6 186.9 187.5 186.6 191.0 193.2
1800 h 0.0 23.9 92.3 172.9 178.9 181.0 182.2 181.5 185.7 188.4
1900 h 0.0 19.3 90.5 179.3 185.5 188.0 188.6 183.4 192.7 194.8
2000 h 0.0 21.0 104.5 179.3 184.8 188.0 188.6 188.4 192.7 194.5
2100 h 0.0 20.4 98.7 175.8 182.1 184.5 184.5 184.6 188.6 190.9
2200 h 0.0 20.4 99.9 170.5 174.9 178.1 179.9 179.1 182.2 184.9
2300 h 0.0 23.9 97.5 168.8 173.0 175.8 177.0 176.4 180.5 184.1
2400 h 0.0 34.5 113.9 188.6 193.8 198.0 199.7 198.3 202.6 206.0
2500 h 0.0 23.4 101.0 178.1 183.2 188.0 188.0 188.4 192.1 194.8
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